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Abstract
Over the last decade of geophysical research the concepts of hotspots andplumes have
taken a central role in discussions of the interior structure of the Earth and global geo-
dynamic plate and convection models. In this study, I focus on the ability of ther-
mal and/or thermochemical plumes to reproduce global and regional seismic obser-
vations at hotspot locations on Earth.
In order to make meaningful interpretations of seismic images from global tomo-
graphic images I begin with an investigation into the physical meaning of seismic
reference models and a full exploration of the temperature and compositional sen-
sitivities of mantle seismic velocities, utilising a fully consistent forward modelling
approach with up-to-date mineral physics parameters and associated uncertainties.
I determine that, despite three-dimensional complexity of the mantle, averaged seis-
mic structure reflects the average radial physical structure of the mantle except near
phase boundaries and within thermal boundary layers.
In the second half of the study I produce synthetic plume signatures by converting
the thermo-chemical strutures of a range of plausible dynamic whole mantle plumes
into seismic velocities-including the effect of seismic resolution in global tomographic
models by convolution of the seismic structures with a resolution filter for the global
model S40RTS. Quantitative comparison of synthetic signatures with global seismic
observations beneath a number of hotspots indicates that more than half of all stud-
ied locations are underlain by low-velocity anomalies with widths and magnitudes
compatible with thermal plumes. Other locations, e.g. Iceland, require plumes with
time-dependent morphologies, modified by chemistry or phase buoyancy forces. I
next forward model the predicted transition zone seismic structure for a number for
thermal and thermochemical whole mantle plume scenarios, before commenting on
suitability of using transition zone thickness beneath hotspots as a proxy for temper-
5
ature. Lastly, I finish with a discussion of how such an analysis might be extended to
other terrestrial planets, such as Mars.
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1
Introduction
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Since the papers ofWilson (1963) andMorgan (1971) the connectionbetweenhotspots
andmantle plumes has beenwidely andfiercely debated in geochemical and geophys-
ical literature, as well as at international symposia and through community driven
websites (e.g. http://www.mantleplumes.org). To resolve the many arguments sur-
rounding the existence ofmantle plumes requires an interdisciplinary approach, which
seeks to reconcile knowledge fromdynamicalmodels and experimentswith geochem-
ical and geophysical observations.
1.1. The plume hypothesis
Hotspots are locations on the Earth’s surface that have experienced active basaltic vol-
canism unassociated with plate boundaries for prolonged periods of time (Fig. 1.1).
Often the volcanic activity associated with a hotspot may be closely related to conti-
nental breakup and mass extinctions (Courtillot et al., 1999). Many hotspots (for ex-
ample theHawaii-Emperor seamount chain, Louisville chain, theGalapagos Archipelago-
Carnegie Ridge and the Ninetyeast Ridge) are characterised by volcanic lines with a
systematic age progression that may begin with rapid and massive flood basalt erup-
tions (Morgan, 1972; Richards et al., 1989). Such volumes of volcanism suggest that the
mantle directly underlying hotspotsmust be hotter than surroundingmantlematerial.
Most hotspots (around 45 of the 68 hotspots listed in Ito and van Keken, 2007) also ex-
hibit anomalously shallow topography which span geographic widths of several hun-
dreds to a thousand km (Davies, 1999). These ‘swells’ survive, even once bathymetry
is corrected for sediment loads, and are not associated with thickened crust (Watts
and Brink, 1989). The presence of such swells beneath many hotspots requires that
the underlying mantle is either thermally or chemically buoyant. Additionally, there
is a wealth of geochemical evidence (e.g. major element content, isotopic ratios and
content of radiogenic heat producing elements) to suggest that hotspot volcanism has
a different source to conventional plate tectonic related volcanism (see Ito and van
Keken, 2007, for a comprehensive review).
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In 1971, W.J Morgan suggested that the rise and melting of ’plumes’ from the deep
mantle were responsible for the creation of hotspots. In this theory a mantle plume
is defined as a hot column of mantle material which acts to transport heat from the
core–mantle boundary (CMB) to the Earth’s surface and remains more or less fixed
in the mantle over time. Thermal plumes forming in a homogeneous fluid have a
large leading diapir or ’plume head’ that is connected to the source region by a thin-
ner conduit (or ’tail’) (Whitehead and Luther, 1975) and classic hotspot–plume theory
suggests that it is the interaction of the rising plume head with the base of the litho-
sphere that triggers large scale decompressionmelting, producing a flood basalt erup-
tion (Fig. 1.2b). The plume’s tail may then continue tomovematerial from the interior
of the Earth to the surface, providing a continuous supply of magma. As the overlying
plate moves over the ’fixed’ plume the plume tail gives rise to a series of smaller erup-
tive events, forming a chain of age progressive volcanoes (Richards et al., 1989) (Fig.
1.2c).
Figure 1.2.: Formation of a hotspot chain by a mantle plume. (a) A plume rising from the core-
mantle boundary (CMB) with large head and thin tail. (b) Eruption and formation of flood
basalt province as the plume head reaches the surface, triggering large scale decompression
melting. (c) Formation of volcanic trail by subsequent smaller scale melting events triggered
by plume tail. Image from Tasa Graphics.
Laboratory and numerical studies support the natural (and plentiful) formation of
plumes as localised hot upwellings in a vigorously convecting mantle anywhere there
is a sufficient thermal boundary layer (see Ribe et al., 2007 for a review). As the CMB
is most likely overlain by a thermal boundary layer with 1000-2000 degrees of temper-
ature contrast (Boehler et al., 1995; Bunge et al., 2001) it is hence a prime location for
generation of plumes.
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However, althoughmantle plumes are currently the dominant hypothesis for creat-
ing hotspots, flood basalts, and oceanic plateaux (collectively referred to as large ig-
neous provinces or LIPS - Saunders, 2005), some geoscientists prefer models that are
confined to the upper mantle and crust, and do not require deep thermal anomalies.
Observational evidence of hotspots can also often be ambiguous; for example, val-
ues of absolute motion between all hotspots on the Pacific plate suggest that hotspots
movewith the samemagnitude as themovement of tectonic plates (Molnar and Stock,
1987) and some hotspot tracks show only short-lived (e.g. the Society Islands) or non-
existent (e.g Cape Verde) age progression. It is therefore debated if a fixed source is
required to form hotspots (Anderson, 2005), if we expect for plumes to remain fixed
over the lifetime of a hotspot (Steinberger, 2000; Kerr and Lister, 2008) or if we ex-
pect for a plume to survive in themantle long enough to generate a long-lived hotspot
track (Goes et al., 2004; Lin and van Keken, 2006). Additionally it is suggested that
ocean island Basalt (OIB) 3He isotopic signatures, which seem to indicate the need
for a primitive and/or deepmantle source, may be reproduced via recycling of crustal
material (Xi and Tackley, 2004; Anderson, 1998; Cotice and Ricard, 1999; Anderson,
2005; Niu and O’Hara, 2003) and that the small scale variation of isotopic ratios may
not be good evidence for a single geochemically distinct source for OIBs (Zindler and
Hart, 1986). Finally, there is considerable debate about how ’hot’ the mantle below a
hotspot is required to be. Although petrologists favour a hot (100-300±C) sub-hotspot
mantle in order to generate the volumes of melt observed at LIPs (Herzberg et al.,
2007; Putirka, 2005), some heat flow calculations suggest there is little to no thermal
anomaly beneath hotspots (DeLaughter et al., 2005). Even assuming that the temper-
ature anomaly beneath hotspot locations is that predicted by petrology, this value is
still significantly less than that expected after adiabatic decompression from a start-
ing temperature comparable to that of the CMB, suggesting that either that a whole
mantle plume that samples the full CMB is too hot to produce the observed hotspot
anomalies or that it must lose heat in some way on its rise through themantle (Bunge,
2005). However, for a swell to exist in a location where the underlying mantle is not
thermally buoyant (i.e. hot) then the material underneath the hotspot must be buoy-
ant via some other mechanism (Phipps-Morgan, 2001), for example, compositionally.
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Thermochemical plumes
It is clear therefore, that the ability of a purely thermal whole mantle plume (that
samples the full CMB thermal anomaly) to produce all observed hotspots is highly
contentious. From the forty to fifty hotspots in the list of Richards et al. (1989) and
Sleep (1990) there are about eight that are generally considered to have multiple dis-
tinct geophysical and geochemical hotspot characteristics that could be considered
consistentwith awholemantle plume (Courtillot et al., 2003; Ritsema andAllen, 2003).
Chemical heterogeneity of the mantle on both large and small scales, may play a
large role inmodifying the expected observables associated with plumes. A number of
laboratory and numerical studies suggest that the interplay of density heterogeneities
and thermal convection can produce hot instabilities of widely differing morpholo-
gies, such as anchored plumes, piles and domes, secondary plumes, and composite
’thermochemical’ plumes (Davaille et al., 2005; Lin and vanKeken, 2006; Schaeffer and
Manga, 2001). Such structures are characterised by a strong time-dependence with
typical time-scales of 100 to 300 Ma (Le Bars and Davaille, 2004; Lin and van Keken,
2005; Samuel and Bercovici, 2006) and could develop for mantle density anomalies
greater than 2% (Nakagawa and Tackley, 2004). Mantle plumes with differing chemi-
cal compositions, starting temperatures and depths could therefore display different
morphologies, seismic expressions and surface observations.
A potential source region for thermochemical plumes may be in, or on top of, the
two broad (15,000kmwide and 400 to 1000km thick), high density large-low-shear ve-
locity provinces (LLSVPs) which lie beneath the Pacific and Africa on top of the CMB
(Fig.1.3). The LLSVPs show a decrease in VS of around 2–3%, an increase in Ω of around
1–2% and an anti-correlation between VS and Ω ,and, VS and V¡ (Garnero and McNa-
mara, 2008). It is difficult to obtain this density and anti-correlation effect thermally
and this, as well as the sharp boundaries of the structures, implies that they may have
a chemical source (Lay, 2005; Lassak et al., 2007).
Cosmochemical or meteoritic based compositional models of the Earth often re-
quire an isolated ’primitive’ lowermantle reservoir (enriched in iron andwith different
Mg/Si ratios to that observed for MORB) which was formed during early differentia-
tion of the Earth andhas subsequently not participated in convective homogenisation.
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Figure 1.3.: The possible correlation between LLSVPs (underneath Africa and the Pacific) and
hotspots. Where a hotspot lies directly above the LLSVP it is likely that any plume that feeds the
hotspot will form directly above the LLSVP. Some of the chemically heterogenous material of the
LLSVP may become entrained into the plume. If a hotspot lies on the boundary of the LLSVP,
e.g. Hawaii, then a plume that forms in this location may need to originate at a much deeper
thermal boundary layer e.g. the CMB. Taken from Courtillot et al. (2003).
It is possible that the LLSVPs may represent such a reservoir, however, evidence of
wholemantle convection from seismic tomography (vanderHilst et al., 1991; Bjiwaard
et al., 1998) and from the composition of mineral inclusions in diamonds (Kesson and
Fitzgerald, 1991) suggests that the upper mantle cannot be chemically distinct from
the lowermantle over long time scales and that it is unlikely that a large scale reservoir
of primitive material exists in the lower mantle. The location of the LLSVPs in two dis-
tinct regions surrounded by convergent plate boundaries suggests that these features
may be ’slab graveyards’ where old subductedmaterial piles up at the CMB. Even if the
LLSVPs are predominantly primitive in nature, any layer of material at the base of the
the mantle is also likely to be overlain by recycled crust (van der Hilst and Karason,
1999). Such a layer would produce significant heterogeneity in seismic images at mid
mantle depths, which is not observed, but the effects of thermal and compositional
variations on seismic velocities may cancel out (Tackley, 2002b).
In addition to the large scale LLSVPs, small elastically heterogeneous bodies (no
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bigger than 10km in size) with seismic speeds of 4% less than the ambient mantle are
observed using scattered waves (Garnero, 2007; Helffrich and Wood, 2001). It is sug-
gested that these features must have a chemical origin as they are too small to main-
tain a temperature difference for longer than 200,000 yrs, and as such they could be
the remains of subducted slabs (Tackley, 2002a). Thermochemical plumes are there-
fore likely to samplematerial which is either ’primitive’ in nature, representative of old
subducted material, or a combination of both.
Plumes on other planets
Thepopularity of themantle plume theory to explain intra-plate volcanismonEarth
has led to some authors suggesting that plumes may also exist on other terrestrial
planets. For example, Zuber (2001) and Kiefer (2003) suggest that, in the absence
of active plate tectonics, the Tharsis rise - a region of shield volcanism more than
6500km wide on the surface of Mars- was produced by one or more plumes. While,
on Venus, hundreds of circular to elongate features termed ’coronae’ are suggested to
have a mantle plume type origin due to their non-random distribution and the ob-
served age-progression of overlapping coronae (Stofan and Smrekar, 2005)- although
there is continued debate as to whether such features may be explained by an impact
origin or shallow diapirs (Jurdy and Stoddard, 2007). However, available data to estab-
lish a plume origin for features on either Mars or Venus is limited.
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1.2. Seismic imaging of mantle plumes
Due to the controversy surrounding association of mantle plumes with surface obser-
vations we must rely on techniques that can directly image temperature and compo-
sitional anomalies in themantle to provide us with conclusive evidence of plume type
structures in the mantle.
The primary way of imaging the mantle signature underneath hotspots and other
melting anomalies is through seismic tomographywhich displays seismic ’anomalies’;
differences in seismic wave speed through the mantle as a response to pressure, tem-
perature and composition. Thermal, and potentially also thermochemical plumes,
will display slower than average seismic velocities as seismic waves propagate more
slowly through high temperature regions than cold regions.
The resolution of seismic tomography is ultimately determined by the large wave-
lengths of earthquake derived body waves and is heterogeneous due to incomplete
data coverage of the mantle. In the upper 200km of the mantle, seismic heterogene-
ity can be resolved to within a 30-50km depth range, whereas this jumps to around
100-200km in the lower mantle, and is greater than 250-300km in the transition zone
(Ritsema and Allen, 2003). In the lowermantle, the Fresnel zone of a typical bodywave
is around 400km (Nataf, 2000) and gives a lower limit to the size of objects that can be
imaged. Therefore, while conventional tomographic data has provided important in-
sights into the transport of subducting slabs (van der Hilst et al., 1991; Bjiwaard et al.,
1998) it is difficult to resolve narrow plumes (of less than 400km in diameter) beneath
hotspots (Nataf, 2000; Ritsema and Allen, 2003). It is suggested that finite frequency
tomography, as utilised by Montelli et al. (2004) which accounts for wavelength heal-
ing effects in objects of comparable size to the Fresnel zone, can provide an improved
lateral resolution (260km for a 20s period P–wave) that will be able to image narrow
plume structures in the lower mantle (Nolet et al., 2006).
To date, global seismic tomography studies have been able to resolve a wide variety
of low velocity structures in the mantle that have been attributed to mantle plumes
with a variety of starting depths. Patchy low velocity structures are present beneath
a number of hotspots, but have a large variety of shapes (which are not vertically
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straight) and starting depths. Several seismicmodels do image low-velocity anomalies
from the surface to deep in the mantle below a number of major hotspots (Bijwaard
and Spakman, 1999; Ritsema and Allen, 2003; Zhao, 2007; Montelli et al., 2004; Boschi
et al., 2007; Li et al., 2008). For example, a number of these P and S wavespeedmodels
exhibit continuous low-velocity anomalies below Hawaii, Afar and Samoa, while the
samemodels suggest that the low-velocity anomaly beneath Iceland is confined to the
upper mantle (Fig 1.4). However, the disparities in data sets and applied modelling
techniques between themodels results in different morphologies and strengths of the
wavespeed anomalies which may lead to ambiguity and disagreement in identifica-
tion of plume related anomalies.
As well as global tomographic studies, regional seismic studies of hotspots - where
a carefully selected receiver array geometry and data are utilised - have also been used
in order to detect mantle plumes (e.g Nataf and VanDecar, 1993; Allen and Tromp,
2005; Wolfe et al., 1997, 2009). Generally, imaged structures from such experiments
are narrow (a few hundred km in diameter, as in Allen and Tromp, 2005 and Wolfe
et al., 2009)- compatible with predicted widths from numerical modelling - with seis-
mic anomalies of the order of a few percent. However, it is unclear if regional studies
may only image part of the anomaly underlying a hotspot, as they are generally limited
in lateral extent by the receiver array aperture, and are also either limited in location
to those hotspots with better seismological conditions (i.e. continental hotspots) or
subject to technical difficulties (noisy stations, remote sources, small number/lack of
ocean bottom seismometers)(Nataf, 2000).
Finally, the width of the transition zone - as inferred from receiver function or pre-
cursor data- has also used as a method of detecting sub-hotspot thermal anomalies.
As the ’410’ and ’660’ discontinuities are a result of the solid-state transition of olivine
to Ø-spinel (wadsleyite) and ∞-spinel (ringwoodite) to perovskite, the Clapeyron slope
of each transition would predict that the transition zone is thinned in the presence of
a hot thermal anomaly. Several studies have observed such thinning beneath hotspots
such as Society (Niu et al., 2002) and Hawaii (Li et al., 2000) but others observe no an-
ticipated anti-correlation of the ’410’ and ’660’ discontinuities (e.g. Shen et al., 2002).
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Figure 1.4.: Illustration of imaged seismic structure beneath (a) Hawaii and (b) Iceland with
four independent seismic tomographymodels(Montelli et al., 2006; Li et al., 2008; Ritsema et al.,
2010; Bjiwaard et al., 1998), using different data sets, theory and inversion procedures. Slow
S-wave velocity anomalies are contoured every -0.2% and, P-wave velocity anomalies every -
0.1%. On the S40RTS (Ritsema et al., 2010) slices, the location of the maximum slow shear-wave
anomaly within a 1000 km radius of the surface hotspot location is marked by yellow stars.
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1.3. Aims of study
The aim of the following project is to address some of the open questions surrounding
the existence of mantle plumes on terrestrial planets, for example, Howmany plumes
are there? Whichhotspots could be associatedwith a plumeof thermal/thermo-chemical
origin?, by investigating the total possible range of physically plausible plume struc-
tures that fulfil present day seismic constraints. I focus firstly on the predicted seismic
signature of plumes on Earth, as this provides us with the largest available set of geo-
physical constraints, before discussing the potential of applying a similar analysis to
other planets- should seismic data become available in the future.
I begin (chapter two)with a full investigation into the sensitivity of seismic velocities
anddensity to changes in temperature and composition throughout thewholemantle.
To do this I forward model properties for a defined bulk chemical composition using
a fully consistent thermo–dynamical approach which utilises the latest available min-
eral data. This approach includes an evaluation into the uncertainties associated with
mineral physics data and anelasticity when mapping temperature and composition
into geophysical parameters.
In addition to sensitivity of seismic velocities, knowledge of the average state (ther-
mal and geochemical) of the mantle is essential to make meaningful interpretations
of seismic velocity anomalies in terms of three–dimensional thermal and composi-
tional variations in the mantle. Therefore, in chapter three, I test the assumption that
average radial seismic models reflect the mantle’s average state. To do this, a set of
Earth-like dynamically generated mantle structures are converted into seismic veloc-
ities and I compare seismic velocities corresponding to the average radial state with
laterally average seismic velocities. Sources of bias in 1–D seismic velocities in the re-
gions of phase transitions and in thermal boundary layers through 3–D variations in
temperature and composition are discussed.
In chapter four, I analyse the expected seismic signature of a range of existing dy-
namic models of thermo-chemical (and purely thermal) plumes. Forward modelled
velocity structures are convolved with a resolution operator for shear wave model
S40RTS to account for the uncertainties introduced through seismic resolution in the
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mantle and a full quantitative comparison of global seismic tomographic observations
with our produced plume structures is given.
I complete my investigation into seismic observables of mantle plumes on Earth
by focusing on the regional seismic signature of mantle plumes, incorporating a full
analysis of uncertainties associated with this procedure (chapter five). I explore the
expected transition zone thickness, topography of seismic discontinuities and com-
plexity of seismic discontinuities for a range of thermochemical scenarios before de-
veloping a discussion of the plausibility of using transition zone thickness as a proxy
for mantle temperature and the expected signature of thermal and thermochemical
plumes in precursor and receiver function data.
Lastly, I include a discussion of the possibilities of applying a similar analysis to
other terrestrial planets and compare available published constraints ofMartianman-
tle structure with our results from chapter four and five to identify likely plume candi-
dates (chapter six).
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2
Methodology: Forwardmodelling seismic
velocities and density for a given
temperature-pressure (T,P) structure
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2.1. Calculation of seismic velocities and densities using
PerpleX
Throughout this thesis I convert and/or model synthetic seismic velocities (VP, VS
and V¡) and density (Ω) for a number of different pressure- temperature-composition
(P,T,X) structures. To do this I follow the approach of Cobden et al. (2008, 2009) and
Styles et al. (2011) using the thermodynamic code Perple_X (Connolly, 2005) with one
of three separate databases of elastic parameters (Sfo05, Stx07 and Stx08, see Table
2.1).
This method is performed in six steps:
1. A bulk chemical composition (X) is defined in terms of the relative proportions
of either five or six oxide end members (CaO, FeO, MgO, Al2O3, SiO2 and, for
Stx08, Na2O.)
2. The desired temperature-pressure (T-P) structure is defined.
3. A phase diagram for the chosen bulk chemical composition is constructed by
griddedminimisation of theGibb’s free energy of the systemand thenused to in-
fer the relative proportions of individual minerals at each point in the T-P struc-
ture. ( An example Perple_X generated phase diagram for a pyrolite in the upper
and lower mantle for the Sfo05 database is shown in Fig. 2.1 and for all other
databases in the appendices, Figures A.1 to A.2).
4. Using an isothermal 3rd order Birch-Murnaghan style equation of state (EoS)
withMie-Gruneisen temperature correction, the elastic parameters for eachmin-
eral are extrapolated to high temperatures and pressures for each point in the
T-P structure.
5. Anharmonic seismic velocities for the bulk mineral assemblage at each (T,P)
point are computed using the values of the elastic parameters inferred in (4)
and Voight-Reuss-Hill averaging of the individual constituent mineral velocities
(where the aggregate velocity is taken as the average of the arithmetic and geo-
metric means of the phase velocities weighted by the volume proportion of the
respective phases).
6. Velocities are corrected for the effects of anelasticity.
33
O, Opx, Cpx, an 
 
O, Sp,Cpx
O, Sp, Opx, Cpx
O, Gt, Opx, Cpx 
O, Gt, Cpx
O, Gt, C2/c, Cpx
O, Wad, Gt, Cpx 
O, Gt
Wus, O, Gt 
Wad, Gt, Cpx 
O, Wad, Gt
Wad, Ring,  Gt, Cpx
Wad,  Gt
Wus, O, Wad, Gt
Wus, Wad, Gt
Wus, Gt
Cpx, Ring, Gt
Wad, Ring, Gt 
Ring, Gt
Ring, Gt, Ca-Pv 
Wus, Wad, Ring, Gt
Aki, Ring, Gt, Ca-Pv 
Wus, Ring, Gt 
Wus,  Ring, Gt, Ca-Pv 
Wus, Pv, Gt
Wus, Pv, Ring, Gt, Ca-Pv 
Wus, Pv, Gt, Ca-Pv 
Pv, Ring, Gt, Ca-Pv 
Wus, Pv, Ca-Pv 
Wus, Aki, Pv,
Ca-pv 
Wus, Pv, Ring, Gt
1200
1480
1760
2040
2320
2600
P(GPa)
T(
K)
Aki, Ring, Gt, Ca-Pv 
Pv, Ring, Gt, Ca-Pv 
Wus, Pv, Ring, Gt, Ca-Pv 
Wus, Pv, Gt, Ca-Pv 
Wus, Pv, Gt
Wus, Pv, Ca-Pv 
Wus, Aki, Pv, Gt, Ca-Pv 
Wus, Pv, Ppv, Ca-Pv 
Wus, 
Ppv, Ca-Pv 
1400
1720
2040
2360
2680
3000
P(GPa)
T(
K)
(a)
(b)
O, Sp,Gt,Cpx
O, Sp,Cpx, an
O, Sp,Cpx, an, q
O, Cpx, an, q
8.0                16.0                24.0              32.0
45.2                66.4                87.6              109.7
Figure 2.1.: The Perple_X generated phase diagram for a pyrolite composition (as given in
Stixrude and Lithgow–Bertelloni, 2005) between (a) 0 and 40GPa, and (b) 24 and 130GPa, us-
ing the Sfo05 database. Temperature is given as absolute temperature. Note that pressure and
temperature scales for panels (a) and (b) are NOT the same. Phases shown: O- Olivine, Wad-
Wadsleyite, Ring- Ringwoodite, Pv -Mg Perovskite, Ca-Pv- Ca-Perovskite, Ppv- Post-perovskite,
Sp- Spinel, Gt- Garnet, Cpx- Clinopyroxene, Opx- Orthopyroxene, an- anorthite, Wus- Magne-
siowústite, q- Quartz, Aki- Akimotite
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Thismethod is self-consistent as the samemineral physics data are used in all stages
of the calculation, from defining the mineral phase relations to computing seismic
velocities.
Table 2.1.: Elastic parameter databases used in this study
Database Study
Sfo05 As given in Stixrude and Lithgow-Bertelloni (2005b)
supplemented in the lower mantle as described
in Khan et al. (2006)
Stx07 As given by Stixrude and Lithgow-Bertelloni (2005a)
implemented for use in Perple_X by Jamie Connolly
Stx08 Identical to Stx07 but supplemented for Na-mineral elastic
parameters as in Xu et al. (2008)
An adiabatic temperature profile with a potential temperature of 1300±C, satisfy-
ing conditions necessary for MORB generation, is used to represent the average man-
tle thermal profile (see figure 2.2) and profiles with potential temperatures between
1000±C and 1600±C are chosen to represent deviations from the average mantle tem-
perature induced by tectonic processes. It is assumed that adiabatic decompression
is reversible (MacKenzie and Bickle, 1988; Asimov et al., 1997; Green et al., 2001) and
profiles are extracted as istentropes (contours of constant entropy) output from Per-
ple_X.
Oxide (mol %)
SiO2 MgO Al2O3 FeO CaO Na2O Mg/Si
Sfo05 and Stx07
Pyrolite1 38.61 49.13 2.77 6.24 3.25 N/A 1.27
Harzburgite2 36.22 57.42 0.48 5.44 0.44 N/A 1.59
MORB3 53.82 13.64 10.13 8.80 13.60 N/A 0.25
Chondrite4 43.52 46.74 1.84 5.25 2.66 N/A 1.07
IRC5 40.03 43.37 1.68 11.68 3.24 N/A 1.08
Stx08
Pyrolite6 38.71 49.85 2.22 6.17 2.94 0.11 1.29
Harzburgite7 36.01 56.51 0.53 6.07 0.81 0.00 1.57
MORB8 51.75 14.94 10.19 7.06 13.88 2.18 0.29
Chondrite9 43.52 46.74 1.84 5.25 2.66 0.00 1.07
IRC10 40.03 43.37 1.68 11.68 3.24 0.00 1.08
Table 2.2.: End-member compositions tested using the Sfo05, Stx07 and Stx08 databases, ex-
pressed in mol %. Taken from 1.Sun (1982), 2. Irifune and Ringwood (1987), 3. Perrillat et al.
(2006), 4,9. Hart and Zindler (1986), 5,10. Anderson (1989a),6,7,8. Xu et al. (2008)
Throughout the study I consider five bulk compositions (defined in terms of the
molar percentages of the major oxides present, see table 2.2) which span the range
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Figure 2.2.: T(z) profiles for adiabats with potential temperatures between 1000±C and 1600±C.
Constraints for mantle temperature from literature; 1. MacKenzie and Bickle (1988) 2. Fiquet
(2001), 3. Ito and Katsura (1989), 4.Boehler et al. (1995) are included as open boxes.
of compositional heterogeneity that might be anticipated in the mantle and provide
end-members in terms of seismic behaviour: (1) a pyrolite, chosen to represent the
average mantle, (2) a purely harzburgitic composition, (3) a MORB composition, (4)
a C1-type chondritic composition and (5) an iron rich chondritic composition (IRC).
The harzburgite and MORB compositions were chosen to provide end-member com-
positions whichmight represent recycled oceanic lithosphere, whereas the chondritic
and IRC models were chosen to represent extremes within a large range of cosmo–
chemical estimates. The IRC composition in particular is chosen for its high iron con-
tent which is a reasonably good proxy for the bulk composition of a ’primitive’ lower
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mantle (as discussed in section 1.1).
Calculated elastic velocities are corrected for the effects of anelastic dissipation -
which dominantly occur in shearing and are particularly important at high temper-
atures (greater than 900±C) and low frequencies (typically less than 1.0 Hz)(Jackson
et al., 2005) - using the dimensionless ’specific quality factor’ (Q). Shear anelasticity
(Q°1s ) is added to the gridded velocities as a function of pressure and temperature as
proposed by Karato (1993), in the form included in Goes et al. (2004) (see table in Fig.
2.3). Q is changed linearly from the upper to lower mantle over 100km depth intervals
around the ringwoodite to perovskite and perovskite +magnesiowüstite transition and
is tied to the generated phase diagram for each composition.
Uncertainties in calculation
Uncertainties attached to calculation of seismic velocities anddensity using thismethod
are large, arising through (1) uncertainties attached to empirically derived elastic pa-
rameters, (2) uncertainty in the phase diagram for a given bulk composition, (3) un-
certainty in the anelastic contribution to seismic velocities and (4) uncertainty in the
EoS used to extrapolate mineral parameters from surface temperatures and pressures
to high temperatures and pressures.
When calculating seismic velocities, I therefore account for uncertainties as follows:
Firstly, to account for variation in predicted phase diagrams and in empirically de-
rived elastic parameters I perform the velocity and density calculation with three sep-
arate databases. Each database incorporates data taken from both experimentally de-
rived and ab-initio calculations for individualminerals which is then fitted to a chosen
equation of state (Stixrude and Lithgow-Bertelloni, 2005a)(see table 2.1).
Although it is not possible to do a full parameter search of uncertainties associ-
ated with the empirically derived elastic parameters in the upper mantle (as in Cob-
den et al., 2008) as parameters for the three chosen databases are partially correlated,
I compare the calculated temperature and compositional derivatives with the pub-
lished ranges given by Cammarano et al. (2005) and Stixrude and Lithgow-Bertelloni
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Figure 2.3.:Figure (top): Calculated values of QS along a 1300±Cadiabat between 0 and 2900km
depth plotted against seismic constraints. Table (bottom): Anelasticity parameters used to ob-
tain estimates for average, lower and upper bounds of seismic velocities. The quality factor for
shear wave velocities (QS) is related to the temperature of the mantle (T) above the melting tem-
perature (Tm), the frequency (!), the exponent of frequency dependence (Æ) and a depth depen-
dent scaling factor (ª). Bulk anelasticity (QK) is set to 1000 in the upper mantle and 10,000 in
the lower mantle, consistent with seismic models. Average, lower and upper bound Q models
are based on those of Cammarano et al. (2003) and Goes et al. (2004).
(2007). In the lower mantle, I vary the elastic parameters for Mg-perovskite and mag-
nesiowustite (which make up around 80% of the bulk composition of the lower man-
tle) within the limits as published in Stixrude and Lithgow-Bertelloni (2005b). By vary-
ing the parameters of the two predominant minerals of the lower mantle simultane-
ously, I obtain an approximation to the 90% confidence limit for themaximum spread
of predicted seismic velocity profiles given in previous studies by Cammarano et al.
(2005) and Cobden et al. (2008). Such uncertainties may be significant; empirically
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Figure 2.4.: The deviation about the average calculated VP and VS profile for a pyrolite in the
lowermantle that is produced by varying bulk and shearmodulus parameters forMg-perovskite
and magnesiowustite within their published error bounds (Sfo05 database).
derived uncertainties in values of ¥S0 (the shear strain derivative of the Gruneisen pa-
rameter) may produce uncertainties in calculated velocities of up to 0.17km/s in VS
(2.5% of VS at 40GPa) and 0.09 km/s in VP (0.8% of VP at 40GPa) (Fig. 2.4).
Lastly, I account for uncertainty in the anelastic contribution to seismic velocities,
by varying the Q model, within seismic constraints. Two end-member Q–models are
used for this purpose, one strongly temperature and depth dependent and one weakly
temperature and depth dependent with parameters as shown in Figure 2.3.
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2.2. Sensitivity of calculated seismic velocities (VP, VS and V¡)
and density (Ω) to temperature and composition
Knowledge of the thermal and compositional structure of the mantle, is still to date,
fairly limited and is usually inferred from comparison of data with 1D seismicmodels,
such as PREM (Dziewonski and Anderson, 1981) and AK135 (Kennett et al., 1995). It is
assumed that deviations from this signature reflect deviations from the averagemantle
structure that are induced by the dynamics of the mantle. Often these are interpreted
purely in terms of a change in temperature; for example, seismically slow regions are
’hot’ and seismically fast regions ’cold’. However, to quantify the expected change in
temperature and composition underneath hotspots we require detailed knowledge of
how seismic velocities (VP, VS andV¡) change in response to temperature and changes
in the bulk chemistry of the mantle.
The assumption that changes in seismic velocity in the mantle have a purely ther-
mal origin is thought to be relevant for data above 200km in depth (Goes et al., 2000)
but below this the sensitivity of seismic velocities to composition becomes compara-
ble inmagnitude to the effects of temperature (within published uncertainties). In ad-
dition to this, anelasticity of seismic velocities due to viscoelastic relaxation introduces
non-linearity to the temperature dependence of the velocities. Previous studies have
well defined the expected temperature derivatives and associated uncertainties (Cam-
marano et al., 2003; Stixrude and Lithgow-Bertelloni, 2007) and find that the magni-
tude of temperature derivatives of both the compressional and shear–wave velocities
decrease with increasing pressure and decreasing temperature. The exact magnitude
of the derivative is influenced by both the effects of the chosen reference tempera-
ture and anelastic contribution. Additional ’metamorphic’ effects around phase tran-
sitions may cause localised high amplitude peaks in the partial derivative of velocities
with respect to temperature (Cammarano et al., 2003; Stixrude andLithgow-Bertelloni,
2007). Nonetheless, away from phase transitions in the upper mantle it is possible to
infer absolute changes in temperature from changes in seismic velocities to within
±200± C. In the lower mantle (below 800km depth) published temperature derivatives
increase smoothly with increasing pressure and temperature, and are largely free of
the large amplitude metamorphic peaks associated with phase transitions (Trampert
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et al., 2001; Goes et al., 2004; Matas and Bukowinski, 2007). However, there is some
disagreement between studies on themagnitude of temperature derivatives as well as
the anelastic contribution to seismic velocities which may contribute as much as 20
to 40% of the amplitude at the base of the lower mantle (Matas and Bukowinski, 2007;
Trampert et al., 2001; Brodholt et al., 2007).
Significant chemical heterogeneity is expected to exist within the uppermantle (see
section 1.1) through melting of pyrolitic source rock to create basaltic oceanic crust
(MORB) and a harzburgitic residue, and, through recycling of crust and lithosphere
back into the mid and lower mantle during subduction. Differences in oxide con-
tent between these three ’end-members’ leads to distinct seismic behaviour, and vari-
ations in the depth of phase transitions in both olivine and pyroxene based miner-
als. For example, significant differences in velocity (¢V up to 4.0%) are expected be-
tween a MORB and pyrolite in the uppermost 400km of the mantle and below 400km
depth the differences in seismic behaviour between pyrolite, harzburgite and MORB
are large and more complex in nature due to the differing phase transition depths for
both olivine and pyroxene based minerals from composition to composition (Cam-
marano et al., 2003). In the lowermantle the sensitivity of seismic velocities to changes
in composition is more straightforward as the number of co-existing mineral phases
between compositions is small. It is suggested that, in general, VP is positively cor-
related with perovskite content throughout the lower mantle (that is an increase in
perovskite leads to increased VP), but below 1600km depth VS is anti-correlated with
perovskite content, which may lead to anti-correlated VP and VS (Deschamps and
Trampert, 2004). Iron content too may play a major role in controlling seismic veloc-
ities and as iron content of the mantle increases both VP and VS decrease (±VP/±XFe
at 800km -2.0x10°1 and -1.7x10°1 at 2800km in Deschamps and Trampert, 2004).
However, uncertainties attached to calculating these derivatives are large. In compar-
ison, the effect of calcium (Ca) content on seismic velocities is predicted to be small;
Deschamps and Trampert (2004) suggest that a 12% anomaly of Ca-perovksite at the
bottom of the mantle will produce values of ±VP and ±VS (relative to pyrolite) of 0.1
and 0.2% respectively.
In the following section I present the calculated sensitivity of forwardmodelled seis-
mic velocities and density to changes in temperature and composition for the whole
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mantle region including uncertainties introduced through the experimentally deter-
mined elastic parameter data and through the anelastic contribution to seismic veloc-
ities (as outlined in section 2.1) . As the sensitivity of seismic velocities and density
to changes in temperature and composition is already relatively well known, the main
aim of this calculation is to know; (1) where the sensitivity of our forward modelled
seismic velocities lie in the spread of values that are given by previous studies, and
(2) to determine themagnitude of uncertainty involved when converting from a given
(P,T,X) structure to seismic velocities and density.
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2.2.1. Temperature sensitivity of seismic velocities and density
To calculate full temperature derivatives a finite differencing method is used on high
resolution grids of seismic velocities and densities to calculate the temperature deriva-
tive at the point [0.5(T1 +T2), P]; in the upper mantle ¢T is around 2K and ¢P is
0.02GPa, whereas ¢T is approximately 4K and ¢P is 0.1GPa in the lower mantle. The
resultant derivatives are then smoothed in temperature space using a ten-point mov-
ing average filter to eliminate small deviations which are introduced through the lim-
ited resolution of the phase equilibria determined by PerpleX, before values from the
grid are extracted along a chosen geotherm.
Despite slight differences in magnitude and shape of the calculated velocities and
temperature derivatives between different databases and published data (Fig. 2.5, 2.6
and 2.7), forward calculations made using the method detailed in section 2.1 agree
within published uncertainty ranges and a number of identical trends in temperature
sensitivity are observed.
Throughout themantle±lnVS/dT, ±lnVP/dT,±lnΩ/±Tand±lnV¡/±Tdecrease smoothly
with increasing pressure and decreasing temperature, except for over the narrow pres-
sure (and depth) intervals of phase transitions, where the derivative exhibits large am-
plitude spikes (Fig. 2.5, 2.6 and 2.7) (Stixrude and Lithgow-Bertelloni, 2007). The ma-
jority of the phase transitions in the upper mantle have positive Clapeyron slopes,
indicating that the transformation pressure increases with increasing temperature.
At these pressures (and corresponding depths) an increase in temperature from that
along the average geothermmeans that the phase transition to a higher velocity phase
occurs at a higher pressure and that velocities along the average geotherm are higher
than those in higher temperature regions. As a result, a negative derivative is pro-
duced. Conversely, where the Clapeyron slope of a mineral phase is negative (for ex-
ample, the Ringwoodite to Perovskite transition) a positive temperature derivative is
produced.
In the region of a phase transition, the jump in velocity due to the change inmineral
phase ismuch higher than that produced by the gradual change in velocity with depth
and constant phase, which means that phase transition related spikes in ±lnVS/dT
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Figure 2.5.: (top) Upper mantle VP, VS , V¡ and Ω along adiabats with TPOT=1300±C
andTPOT=1600±C for both the Sfo05 and Stx08 databases, which provide end-member databases
of thermal sensitivity. (bottom) Calculated ±lnVP/dT, ±lnVS /dT, ±lnV¡/dT and ±lnΩ/dT for a py-
rolite along a 1300±C adiabat with the Sfo05 database. Uncertainties for VP and VS are shown
as a shaded region and are produced by varying the anelastic contribution between the mini-
mum and maximum models as in table in Fig. 2.3. Phase transitions are denoted in red (Plg-
Plagioclase, Sp- Spinel, Ol- Olivine, Wad- Wadsleyite, Ring- Ringwoodite, Pv- Mg-Perovskite,
Gt- Garnet)
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and ±lnVP/dT have large amplitudes, well exceeding values due to temperature alone.
Although this means that the magnitude of seismic anomalies will vary laterally (as
phase transitions occur over a different pressure interval at different temperatures) it
is unlikely that the jumps surrounding phase transitions would be observed in tomo-
graphic images of the mantle as the wavelengths used to produce the data is too large
to resolve such narrow features (see section 1.2).
The magnitude of sensitivity varies between wave types - VS is the most sensitive to
changes in temperature, followed by VP, Ω and lastly, V¡ - and is highly influenced by
anelasticity, which, produces a strongly non–linear temperature dependence. Anelas-
tic effects are particularly large (200% at 0km depth) in the upper 200km of themantle
but decrease with depth to between 10 and 30% at depths greater than 600km (Karato
and Karki, 2001; Trampert et al., 2001; Brodholt et al., 2007; Matas and Bukowinski,
2007). Although this is a much smaller contribution than in the upper mantle, this ef-
fect may still be significant: at a depth of 1030km (40GPa) the contribution to the tem-
perature derivative of the shear velocity using the Sfo05 database is as large as using a
different adiabat (-0.1%/100Kor 12.5%of the elastic derivative). Thus, anelasticity can
have as large an effect on the velocity derivatives as adding 200±K to the temperature.
In the upper mantle, away from phase transitions, published uncertainties associ-
ated with the elastic parameters suggest that, given a ¢ VS of 3 %, ¢T can be deter-
mined to within 100±K (Cammarano et.al, 2004), however uncertainties in the lower
mantle are much larger; at 2500km the uncertainty in ¢T given a value of ¢ VS of 3%,
could be as large as 400±K. This uncertainty is introduced to the sensitivity through
the difficulty in empirically determining mineral elastic parameters at these depths,
as well as the uncertainty in anelasticity model.
Lastly, the temperature derivatives themselves have some inherent temperature sen-
sitivity as the derivatives along a 1600±C adiabat have the largest magnitude in all
cases. At a depth of 1030km the effect of using a different adiabat on ±lnVS/dT can
be as large as 12.5% of ±lnVS/dT along the reference (1300±C) adiabat.
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2.2.2. Compositional sensitivity of seismic velocities and density
To calculate compositional derivatives, velocities and density are calculated for all
tested bulk compositions along an adiabat with potential temperature of 1300±C. Cal-
culated velocities and density for adiabatic pyrolite (with the same database) are used
as a reference and ±lnVP, ±lnVS, ±lnV¡ and ±lnΩ (in %) for each bulk composition is
then calculated relative to this.
In the upper mantle in general the trend of velocity with composition is similar be-
tween databases: velocities for the IRC composition are up to 4% slower than those
for a pyrolite (except for in 20-30km region immediately above 410kmdepth), harzbur-
gitic and chondritic velocities are similar to those for pyrolite (dlnVP, dlnVS anddlnV¡
< ±2.0% away from phase transitions) and MORB velocities are up to 8% faster (Fig.
2.8). However, the sensitivity of velocities to composition is complex around phase
transition depths due to the many co-existing mineral phases between different bulk
compositions (Cammarano et al., 2003; Cobden et al., 2008). For example, the IRC
composition shows a positive peak in dlnVP, dlnVS and dlnV¡ immediately above
400km depth as the high iron content of the IRC composition causes the olivine to
wadsleyite transition to take place at a shallower pressure/depth than in the pyrolite
composition (Xu et al., 2008).
In the lowermantle the trend of velocity with composition, as for the thermal sensi-
tivity, is relatively simple; for all of the tested databases and bulk compositions, MORB
has the highest values of VP and VS, followed by chondrite, harzburgite/pyrolite and
then IRC (Fig. 2.9) (as in Cobden et al. 2009). All databases predict that the difference
in VP andVS between harzburgite and pyrolite in all databases is small, less than +0.5%
in VS, ± 0.2% in VP and +0.4% in V¡ throughout the lower mantle (as shown in figure
2.10) and of the five investigated end-members, only an IRC bulk composition can
produce lower velocities (in VP, VS and V¡) than pyrolite for the pressure (and depth)
region investigated. In general dlnVP is between -2.0 and -1.0%, dlnVS between -3.0
and -1.0 % and dlnV¡ between -1.2 and -1.0% (see figure 2.10).
The main source of uncertainty in compositional sensitivity is introduced through
differences between the calculated velocities and densities for each database. For ex-
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Figure 2.8.: (a) Upper mantle VP, VS , V¡ and Ω along adiabats with TPOT=1300±C for both the
Sfo05 and Stx08 databases and all tested bulk compositions. (b) dVP, dVS , dV¡ and dΩ between
tested bulk compositions and pyrolite along an adiabat with TPOT=1300±C for both the Sfo05
and Stx08 databases.
ample, in the lower mantle the Sfo05 database produces values of VP, VS and V¡ that
are the highest of all databases tested with the exception of a MORB composition. In-
terestingly, the largest difference between the databases occurs in the magnitude of
dlnVS for an IRC composition; in the lower mantle both Stx07 and Stx08 show a large
(-3.0%) decrease in VS, whereas the Sfo05 database shows only a moderate decrease
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(-1.2 to -1.4%) in VS. It is not straightforward to predict why this might be so as when
we use a different bulk composition we change the relative overall proportion of more
than one major oxide from that of a pyrolite.
MORB velocities are particularly sensitive to the database used, for example, in the
lower mantle, Stx08 MORB VP is only slightly higher than for a pyrolite using the same
database with low ( less than +0.2%) positive derivatives (see figure 2.10a ), but can be
up to +2% higher than for a pyrolite if using the Sfo05 or Stx07 database. Additionally,
both Sfo05 and Stx07 MORB display an increase in V¡, relative to a pyrolite, whereas
Stx08 MORB displays lower V¡ (see figure 2.10c).
The reason for the discrepancy in MORB velocities between databases is the dif-
ficulty of producing a reliable MORB phase diagram (reproducing published upper
mantle phase boundaries, such as in Perrillat et al., 2006) using the Sfo05 and Stx07
databases, whereas a reliable phase diagrammaybeproducedusing the Stx08 database,
which is supplemented for sodium oxide minerals. We then might choose to use the
Stx08 database for reliable comparisons between a MORB and our reference pyrolite,
however, as this database does not include valid parameters for the perovskite to post-
perovskite phase transition this transition must be suppressed in calculations. Addi-
tionally, although V¡ for MORB using the Stx08 database is consistent with published
values of V¡ at the same pressure and temperature as calculated by Xu et al. (2008)
1, published constraints from Ricard et al. (2005) and Bina and Silver (2000) indicate
that below 680km, MORB is faster in V¡ than either pyrolite or harzburgite, which is
incompatible with the Stx08 calculations. Although there is some evidence in the liter-
ature of eclogites producing values of dlnV¡ of up to 3% (relative to a peridotite), there
seems to be little experimentally derived bulk velocity data for a MORB at these pres-
sures. Therefore, taking into account the absence of published data to support fast
bulk velocities for MORB, we should treat the Stx08 bulk velocities with some caution.
Of the three tested databases, the newest (Stx08) appears to be the least sensitive
overall, producing the smallest spread of derivatives (both compositional and ther-
mal) for all seismic velocities. Stx07 appears the most sensitive to changes in bulk
composition, producing the largest spread of derivatives in VP and VS, whereas Sfo05
1at http://www3.imperial.ac.uk/pls/portallive/docs/1/52221696
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produces the largest variation in derivatives for bulk velocity (V¡). Again, the reasons
for this are not straightforward and more detailed analysis of sensitivity of individual
databases to individual oxides is required to fully explain this behaviour.
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Figure 2.10.: ±lnVP, ±lnVS and ±lnV¡ (in percent), along an adiabat with TPOT= 1300±C for all
databases and tested end-member bulk compositions
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Unlike seismic velocities, the trend in density with change in bulk composition is
relatively consistent betweendatabases, e.g. where the Sfo05 database predicts a higher
density for a composition, the Stx07 and Stx08 databases also predict a higher density.
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Figure 2.11.: Calculated density of a MORB along a 1300±C adiabat (for all databases) plotted
against published constraints of predicted density from Perrillat et al. (2006), and Hirose et al.
(2005).
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Both a MORB and IRC composition have a higher density than pyrolite throughout
most of themantle, whereas a chondrite and harzburgite have a lower density (see fig-
ure 2.9). Lower mantle values of dlnΩ of approximately +3.0%, consistent with den-
sity anomalies as observed in LLSVPs (Ishii and Tromp, 2004), are predicted for either
a MORB composition with the Sfo05 database or an IRC composition with any of the
tested databases (see figure 2.10). However, comparison of our calculatedMORB den-
sities with values from x–ray diffraction experiments (Hirose et al., 2005) and (Perrillat
et al., 2006) indicate that the Stx08 database is most consistent with published esti-
mates so perhaps a maximum lower mantle dlnΩ of around +2.0% for MORB is more
likely than +3.0%.
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Sensitivity of seismic velocities and density to individual mineral oxide content
To investigate the influence of individual oxides on the seismic velocities (and density)
of a chosen bulk composition in the lowermantle I calculate a range of ’pyrolitic’ com-
positions with end–member or extreme values for each of the five or six oxides used
in the calculation (Table 2.3). To do this I follow the method of Cobden (2009) and
Cobden et al. (2009) where each of the five (or six) oxides is assigned an endmember
value using both the range ofmolar percentages within the end-member bulk compo-
sitions of Table 2.2, and also within alternative bulkmantle compositions from a range
of literature. From these ranges, a ‘minimum’ and ‘maximum’ value for each oxide is
assigned; 0 and 20 mol% for the minor components FeO, CaO and Al2O3, 30 and 60
mol% for the major components SiO2 and MgO, and, 0 and 2.22 mol% for Na2O . To
isolate the effect of changing an individual oxide, the relative molar ratios of the re-
maining oxides is kept fixed, and equal to their ratios in a reference pyrolite. In the
case of the Stx08 database, results for low Al content and high Na content are unstable
and so are not included.
Produced velocities suggest that in general, the effect of oxide contents on seismic
velocities is largely similar between databases (Fig. 2.12) and only in shear wave and
density sensitivities do we see significant differences (Fig. 2.13 and Figs. A.5 to A.6).
(For the shear wave velocities this is perhaps anticipated, given the large uncertainties
involved in the experimentally determined shear modulus parameters).
FeO content plays a significant role in determining the seismic velocities and den-
sity of all database; an increase in iron content produces reduced VP, VS and V¡ and
conversely, reducing the iron content produces increased seismic velocities (Cobden,
2009). The most dramatic effect is on the bulk velocity where the maximum FeO end-
member produces velocity decreases of up to -4.0% (relative to a pyrolite) (Fig. 2.13)-
to produce the same change in bulk velocity via a change in temperature requiresmore
than a 2000K temperature increase above the adiabatic reference temperature profile
(see Fig. 2.6).
Large decreases in velocity can also be produced by decreasing the SiO2 content
(Cobden, 2009). In this case the largest effect is on V¡ which shows a maximum de-
crease of -2.0% to -4.0%. As for the high FeO scenario, a decrease in V¡ of -4.0% would
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Compound
SiO2 MgO Al2O3 FeO CaO Na2O Mg/Si
Sfo05,Stx07
Pyrolite 38.61 49.93 2.77 6.24 3.25 N/A 1.29
High Al 31.51 40.75 20.00 5.09 2.65 N/A 1.29
Low Al 39.39 50.93 0.00 6.37 3.32 N/A 1.29
High Ca 31.66 40.95 2.27 5.12 20.00 N/A 1.29
Low Ca 39.58 51.18 2.84 6.40 0.00 N/A 1.29
High Fe 32.66 42.24 2.34 20.00 2.75 N/A 1.29
Low Fe 40.83 52.80 2.93 0.00 3.44 N/A 1.29
High Mg 30.36 60.00 2.18 4.91 2.56 N/A 1.98
Low Mg 53.13 30.00 2.18 8.59 4.47 N/A 0.56
High Si 60.00 32.11 1.78 4.01 2.09 N/A 0.54
Low Si 30.00 56.20 2.84 8.59 4.47 N/A 1.87
Stx08
Pyrolite 38.71 49.75 2.22 6.17 2.94 0.11 1.29
High Al 31.67 40.79 20.00 5.05 2.41 0.09 1.29
Low Al 39.59 50.98 0.00 6.31 3.01 0.11 1.29
High Ca 31.91 41.09 1.83 5.09 20.00 0.09 1.29
Low Ca 39.88 51.36 2.29 6.36 0.00 0.11 1.29
High Fe 33.00 42.50 1.89 20.00 2.51 0.09 1.29
Low Fe 41.26 53.13 2.37 0.00 3.13 0.12 1.29
High Mg 30.88 60.00 1.77 4.92 2.34 0.09 1.94
Low Mg 54.03 30.00 3.10 8.61 4.10 0.15 0.56
High Na 37.89 48.80 2.17 6.04 2.88 2.22 1.29
Low Na 38.75 49.90 2.22 6.18 2.94 0.00 1.29
High Si 60.00 32.53 1.45 4.03 1.92 0.07 0.54
Low Si 30.00 56.93 2.54 7.05 3.36 0.13 1.90
Table 2.3.: End-member oxide compositions as tested in this study for the Sfo05, Stx07 and Stx08
databases, expressed in molar percentages.
require excess temperatures of +2000K, which seems physically implausible.
CaO has amoderate effect on VP and VS for both Sfo05 and stx08 databases, but has
a significant effect on VS for the Stx07 database. A high CaO content for this database
may produce increases in VS of greater than +4.0% in the lowermostmantle, compared
with increases of less than +0.1% for the same depth interval using Sfo05 and +2.0% to
+3.0% for the Stx08 database. Additionally, the Stx08 database, varies from the pattern
set out by Sfo05 and Stx07 in that VS is moderately sensitive to changes in Al2O con-
tent; high Al content can produce values of ±VS as high as -1.5%- an effect that is up to
ten times larger than that for Sfo05 or Stx07.
Density changes are largest for all databases where either a change in FeO content
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orMgO content takes place (Cobden et al., 2009). Density can increase by up to +6.0%
in all databases by increasing the FeO content and compositionwith a lowFeO content
is reduced in density by -3.0%. To produce the equivalent changes in density by tem-
perature alone would requires excess temperatures larger than 3000K (see Fig. 2.7).
In comparison, the maximum increase in density by a decrease in MgO is approxi-
mately 2.0 to 3.0%. The Stx07 database also shows a moderate sensitivity of density to
changes in Al2O3, with high Al2O3 producing a decrease in density of around -2.0% at
pressures of approximately 100GPa, compared with largely negligible effects in Sfo05
and a decrease in density of -1.0% in Stx08.
The most important differences between the databases occur between Sfo05 and
Stx07. Stx07 shows a larger sensitivity to changes in iron content than Sfo05 and VS is
significantly more sensitive to changes in CaO content than either Sfo05 or Stx08. In
addition, density is also more sensitive to changes in Al2O3 content than either Sfo05
or Stx08. Differences between Sfo05 and Stx08 are largely in the magnitude of sensi-
tivity of VP and VS to FeO content and in themagnitude of sensitivity of VS to CaO and
Al2O3.
From this analysis of oxide sensitivity it is now clear that tested bulk compositions
with high FeO content (e.g. the IRC composition) will have the slowest VP, VS and V¡
and highest Ω. The behaviour of other bulk compositions is less closely tied to FeO
content, but is influenced strongly by the SiO2 content and therefore the Mg/Si ratio.
Where the SiO2 content is high, andMg/Si ratio is lowwe anticipate increases in VP, VS
and V¡. This trend is displayed by the chondrite, harzburgite andMORB compositions
in all databases.
Predicted velocities differ between Sfo05 and Stx07mainly due to the increased sen-
sitivity of Stx07 to changes in FeO content. This is particularly the case for shear wave
velocities. The difference between MORB in the two databases is however, compli-
cated by MORBs high calcium content and the high sensitivity of VS to high CaO con-
tent in Stx07. In Stx07 high CaO acts in the opposite sense to high FeO content, in-
creasing VS and therefore reducing ±lnVS.
Density closely follows the trend of increased MgO content leading to decreases in
magnitude, although it is difficult to separate this from the effect of high iron content
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in MORB and IRC compositions which contribute to their high density signature. In-
terestingly, the stronger sensitivity of the stx07 database to Al2O3 content is displayed
by comparing the densities predicted for bulk compositions in different databases;
the increased Al2O3 content of MORB reduces density and therefore produces smaller
positive values of ±lnΩ. Conversely we see that the reduced Al2O3 content of harzbur-
gite (relative to pyrolite) increases density and therefore produces smaller negative
values of ±lnΩ.
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Figure 2.12.: Anharmonic velocities and densities along an adiabat with TPOT=1300±C using
the Stx07 database for tested pyrolite compositions with end-member oxide contributions in the
lower mantle.
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Figure 2.13.: ±lnVP, ±lnVS , ±lnV¡ and ±lnΩ along an adiabat with TPOT=1300±C, between a
reference pyrolite composition and tested end-member oxide compositions in the lower mantle
with the Stx07 database
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2.2.3. Sensitivity of seismic velocities and density to proportion of mineral
phases
As well as simply bulk iron content, it has been suggested that seismic velocities in
the lower mantle may be sensitive to the relative proportion of iron bearing mineral
phases (Deschamps and Trampert, 2004) -for a pyrolite, harzburgite or IRC composi-
tion iron in the lowermantle is partitioned intomagnesiowustite [(Mg,Fe)O], (Mg,Fe)SiO3
perovskite and (at the highest pressures) post-perovskite, and for aMORB, iron is split
between wustite (FeO), calcium ferrite and (Mg,Fe) perovskite. Wemight therefore ex-
pect that where a high proportion of iron bearing phases are present in themantle (e.g
a high proportion of (Mg,Fe)perovskite relative to Ca-perovskite) and a low propor-
tion of Si based minerals the overall seismic velocities are slower. However, as in the
work of Cobden (2009) a positive correlation between the cumulative percentage of
perovskite along our geotherm and calculated seismic velocities is not observed (Fig.
2.14).
This is because the seismic behaviour of any bulk composition is not solely gov-
erned by the proportion of FeO and/or SiO phases - MgO content is equally as impor-
tant as the amount of SiO present (Cobden et al., 2009). As Mg does not exist within
a single phase at any given pressure (it may be partitioned into both magnesiowustite
and perovskite) we cannot use a single phase to predict seismic velocities. Addition-
ally, although the presence of a high proportion of Si relative to Mg would increase
seismic velocities for a case where Fe content is similar to pyrolite, where Fe content
is very high the seismic behaviour is dominated by this, decreasing seismic velocities
significantly.
It is also difficult to connect the proportion of a single phase to patterns in density.
As Mg is the primary control of density, the Mg/Si ratio is much more important than
the presence of a single phase containing either Mg or Si (this is made particularly
difficult by the presence of Mg inmore than one phase, coexisting at the same depth).
Again, as in the case for seismic velocities, the IRC composition is dominated by its
high Fe content.
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Figure 2.14.: The cumulative percentage of individual phases along an adiabat with
TPOT=1300±C for the stx07 database and tested end-member bulk compositions for the region
between 24 and 130GPa.
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2.2.4. RS,P
While both temperature and composition affect seismic velocities in different ways, it
is impossible to invert seismic velocities into a unique thermo-chemical structure. For
example, a region of themantlewith hotter than average temperature and average iron
content, and, a region of the mantle with high iron content but average temperature,
may both display a similar low velocity signature in tomographic images. However, it
has been suggested that the ratio of relative changes in shear and compressional wave
velocities, defined as RS,P (±lnVS/±lnVP), may provide a proxy for thermal or chemical
causes of velocity variations (Robertson and Woodhouse, 1996; Su and Dziewonski,
1997; Saltzer et al., 2001; Masters et al., 2000; Karato and Karki, 2001; Romanowicz and
Gung, 2002; Resovsky and Trampert, 2003; Simmons et al., 2009). Inversion of seismic
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data in the lower mantle suggests that RS,P is 2-3 (Masters et al., 2000), however, there
is some debate in the literature as to whether or not values of up to 2.7 (Karato and
Karki, 2001)) could be produced thermally or if there is an upper limit of 2.1 (Brodholt
et al., 2007).
Ourwork on the thermal sensitivity of seismic velocities shows that our tested databases
generally agree that values of RS,P of between 1.7 and to 2.3 might be produced purely
thermally, but that values approaching 3 are unlikely (Fig. 2.15).
Figure 2.15.: Purely thermal RS,P for all tested databases in the lower mantle.
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Interestingly, despite difficulties in generating stable values of RS,P for our bulk end-
member compositions (where ±lnVP approaches zero the ratio approaches infinity),
no single composition tested in this study can produce values of RS,P larger than 2.0
(Fig. 2.16) with the exception of aMORB composition using the stx08 database (where
values for RS,P are greater than 2.0 throughout the lower mantle). However, these val-
ues are significantly larger than 3.0 at pressures greater than 35GPa due to dlnVP (rel-
ative to a pyrolite) approaching zero. Again this is due to the influence of the high
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Figure 2.16.: RS,P and RΩ,S for all tested bulk compositions and databases in the lower mantle.
Unstable values (approaching infinity), e.g. for a harzburgite composition, where VP or VS are
similar to those for a pyrolite, are not shown.
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sensitivity of VS to Al content when using this database, and so should be interpreted
with some caution.
Additionally, changing the content of individual oxides betweenpublished extremes
is unlikely to produce values of RS,P much larger than 2. RS,P seems to be largely ‘stable’
and therefore reliable for both iron and silicon in all our databases (Fig. 2.17) and
enrichment or reduction in the amount of iron present produces values of RS,P that
approach those of the purely thermal derivatives, whereas Si produces low values of
RS,P that are positive in Sfo05 and negative in Stx07. All of the tested oxides produce
values of RS,P that are lower than for the purely thermal derivatives as generally ±lnVP
are larger relative to ±lnVS when a compositional change is invoked than for the purely
thermal case. Potentially, high values of RS,P can be produced by invoking enrichment
in aluminium with the Stx08 database - due to the high sensitivity of VS to Al content-
but it is difficult to determine if this result is reliable or not.
It is therefore impossible to reproduce the observed values of RS,P using either a
change in temperature or bulk composition with our databases. Additionally, we can-
not reproduce the observed values of RS,P by varying a single oxide between published
extremes. It may be possible to produce values of RS,P between 2.0 and 3.0 by varying
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Figure 2.17.: RS,P and RΩ,S for tested individual oxide end-members and all databases in the
lower mantle. Note: only stable results are shown
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both composition and temperature simultaneously, however, it is not obvious that R
values for temperature and composition are additive. Lastly, values of RS,P are highly
dependent on the chosen reference thermo-chemical structure. For inferring tem-
perature and composition from observed values of RS,P it is therefore essential that
the reference thermochemical structure of the mantle is well determined i.e. that we
know what thermo-chemical structure corresponds to the chosen reference velocity
structure.
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2.3. Summary
In the preceding chapter, I have outlined the methodology used in the following work
to forward model seismic velocities and density for a given (T,P,X) structure, as well as
given a full analysis of the sensitivity of calculated seismic velocities to temperature,
pressure and composition, taking into account themany uncertainties involved in the
procedure.
As publishedbefore, in the uppermost 200kmof themantle, the large effect of anelas-
ticity on seismic velocities means that the effect of temperature on velocities far ex-
ceeds that of composition. Between 200kmand 700kmdepth, the sensitivity of seismic
velocities to both temperature and composition becomes complex, with large peaks in
sensitivity surrounding phase transitions. Purely thermal effects produce large ampli-
tude peaks in sensitivity that occur over narrow pressure intervals, which may lead to
variations in magnitude of seismic anomalies laterally. However, it seems likely that
such features are too narrow to be imaged tomographically. Compositional effects on
velocitiesmay occur overmuch larger depth regions, but reliablemapping of such fea-
tures requires well constrained knowledge of the phases present and the correspond-
ing elastic parameters of these phases.
In the lower mantle, the effect of anelasticity falls and the role of composition on
seismic velocities becomes more important. Below 700km, both thermal and compo-
sitional derivatives vary smoothly with depth due to an absence of lowermantle phase
transitions. While the exact magnitude of temperature and compositional derivatives
varies with database, the overall effect on seismic velocities is similar; decreased seis-
mic velocities are observed for an increase in temperature or iron content (as for a
primitive composition).
Calculations of RS,P for both thermal and compositional scenarios for all databases
suggest that it is impossible to recreate the high observed values of RS,P by varying
temperature, composition or oxide content alone. It may be necessary, in order to
produce values of RS,P up to 3.0, to invoke a simultaneous change in temperature and
composition, but it is not obvious if thermal and compositional R effects should be
additive. Additionally, calculated values of RS,P are highly dependent on the chosen
reference thermo-chemical structure, whichmust firstly be known accurately in order
to interpret variations relative to this.
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3
Interpretation of the average
thermo-chemical structure of themantle
using 1D seismic velocities
70
3.1. Summary
Knowledge of the sensitivity of seismic velocities to temperature and composition is
essential tomakemeaningful interpretations of seismic anomalies in tomographic im-
ages of themantle. However, it is equally important to understand the physical mean-
ing of the reference which anomalies are calculated relative to. As Earth’s mantle is
(to a very good first approximation) spherically symmetric with lateral deviations in
seismic velocities and density of only a few per cent it is commonly assumed that av-
erage radial seismic models (e.g. PREM and AK135) reflect the mantle’s average phys-
ical structure. However, as the predicted effects of temperature and composition on
velocity are non-linear (chapter two) it is not clear that this should be so.
To test this assumption I compare seismic velocities for the average radial physical
state of a set of dynamically generated mantle structures with laterally averaged seis-
mic velocities. The tested thermal and thermochemical dynamic circulation models
are Earth-like in terms of convective vigour, thermal structure and geographical pat-
tern of heterogeneity. I determine that, in general, averaged seismic structure is indis-
tinguishable from the seismic structure of the physical average, within the uncertainty
bounds of seismic reference models. An exception is near phase boundaries, where
phase-boundary topography broadens the averaged seismic jump relative to the dis-
continuity at physical reference conditions. In an inversion for 1-D seismic structure,
where narrow discontinuities are imposed, these biases may map into a lower jump,
and substantially stronger velocity gradients above and below the interface than are
actually present. Other small biases in averaged structure occur in thermal boundary
layers, including those that form above chemical piles. These biases are caused by
large lateral variations in temperature, not compositional variability.
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3.2. Motivation
As outlined in section 1.2, the primary method of imaging the signature of a whole
mantle thermal or thermochemical plume underneath hotspots and other melting
anomalies is through seismic tomographic images, which map structure in terms of
anomalies relative to global 1-D reference models, such as PREM (Dziewonski and
Anderson, 1981) and AK135 (Kennett et al., 1995).
To identify the seismic anomaly signature of mantle plumes, or indeed to make
meaningful physical interpretations of seismic tomographic images, it is therefore im-
portant to know two things: (1) what thermal and compositional structure the ref-
erence models represent, and (2) how thermal and thermochemical heterogeneity of
the mantle is represented in seismic velocity variations relative to the chosen refer-
ence model. I addressed the second of these points in chapter two by presenting a full
analysis of the sensitivity of seismic velocities and density to temperature and com-
position. In this chapter I develop a further understanding of how to interpret seismic
anomalies by investigating the physical meaning of reference models and how three-
dimensional mantle structure may map into 1-D seismic velocities.
A number of studies have previously forward modelled seismic 1-D structure and
examined the fit of predicted seismic velocities to reference models in order to deter-
mine the average thermochemical structure of themantle. However, such analysis has
produced a wide-variety of different conclusions on the mantle’s background struc-
ture, ranging from purely thermal at adiabatic, sub- or super-adiabatic conditions, to
a mantle that varies in composition with depth (Anderson and Bass, 1984; Bina and
Silver, 1990; Cobden et al., 2008, 2009; da Silva et al., 2000; Deschamps and Trampert,
2004; Irifune et al., 2008; Jackson and Rigden, 1998; Khan et al., 2008; Mao et al., 2006;
Matas et al., 2007; Mattern et al., 2005). To date, the most popular model is that of an
adiabat with a potential temperature of around 1300±C and a constant pyrolitic com-
position, thus satisfying the conditions necessary forMORB generation. An isochemi-
cal composition and adiabatic/slightly sub-adiabatic average thermal structure is also
consistent with a convectively well mixedmantle, which is supported by tomographic
images of slabs penetrating into the lower mantle (van der Hilst et al., 1991).
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Figure 3.1.: Two 1-D seismic reference models (AK135 and PREM) (Dziewonski and Anderson,
1981; Kennett et al., 1995), compared with the velocities corresponding to a pyrolitic mantle
along a 1300±C adiabat, and along profiles with lower-mantle sub- and super-adiabatic condi-
tions. No tested thermal structure can reproduce the fine detail of either reference model in the
upper mantle, or reconcile lower mantle VP and VS .
However, while adiabatic pyrolite provides a good match to several 1-D seismic
model characteristics (Ita and Stixrude, 1992; Jackson and Rigden, 1998; Li and Lieber-
mann, 2007; Ringwood, 1962; Weidner, 1985) (Fig. 3.1) there are discrepancies in fine
detail (Anderson and Bass, 1984; Duffy and Anderson, 1989; Irifune and Ringwood,
1987; Irifune et al., 2008; Li et al., 1998; Mao et al., 2006). Some of these discrepancies
may be within the uncertainties associated with the seismic models or equation of
state parameters used to map physical into seismic structure (Jackson and Rigden,
1998; Kennett and Jackson, 2009), but others appear to exceed them (Cammarano
et al., 2005a,b; Cobden et al., 2008, 2009); for example, the magnitude of the jump
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in seismic velocity at 410km depth and upper-mantle velocity-depth gradients. Such
discrepancies, and the fact that it is difficult to reconcile constraints from P and S ve-
locities simultaneously with a single physical reference structure, have led to the de-
velopment of a large range of alternative interpretations.
Whole mantle convection, incorporating phase transitions and compositional vari-
ations in buoyancy, can lead to complex and potentially large-scale structures, thus
generating variations in averaged temperature and composition with depth (McNa-
mara and Zhong, 2004; Tackley et al., 2005). The non-linear sensitivity of seismic
velocities to changes in temperature and composition (see section 2.2.1) raises the
possibility that such structure may ’bias’ the average seismic velocities away from the
velocity profile associated with the average physical structure (Cobden et al., 2008,
2009; Kennett, 2006). This may then lead to errors when interpreting seismic velocity
anomalies.
I investigate the potential for such bias, using a series of global 3-D sphericalmantle
circulation models, spanning a range of plausible thermal and compositional man-
tle structures. Modelled temperature, pressure and composition (T,P,X) is converted
into seismic velocities (VP, VS, V¡) and horizontally averaged seismic structure, <
V(T,P,X) >, is compared with the seismic structure expected for the physical average,
V < (T,P,X) >, to determine whether any systematic differences occur. Additional bi-
ases may arise through uneven seismic data coverage and seismic inversion methods
(Bunge and Davies, 2001; Davies and Bunge, 2001; Kennett, 2006; Mégnin et al., 1997;
Ritsema et al., 2007) but determining how these map into 1-D structure requires fur-
ther investigation, which is beyond the scope of this work.
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3.3. Methodology
3.3.1. ConvectionModel
In the following chapter I use three global (T,P,X) fields (Davies, 2010, personal com-
munication)which are generatedusing amodified andbenchmarked version ofTERRA;
a well-knownmantle convection code that solves the conservation equations of mass,
momentum and energy at infinite Prandtl number (Stokes flow) in a spherical shell.
The inner radius of the shell is set to the size of the outer core and the outer radius of
the shell the same size as the Earth’s surface (Baumgardner, 1985; Bunge et al., 1997;
Davies and Davies, 2009). To provide the fine resolution necessary to explore man-
tle flow at Earth-like convective vigour each model uses a mesh with over 80 million
discrete nodal points.
The models incorporate compressibility, in the form of the anelastic liquid approx-
imation (Jarvis and McKenzie, 1980). Radial reference values are represented through
aMurnaghan equation of state (Murnaghan, 1951), with parameter values identical to
Bunge et al. (2002). Isothermal temperature boundary conditions are prescribed (300K
at the surface and 4000K at the CMB), whilst the mantle is also heated internally. Sur-
face velocities are assimilated according to 230 Myr of plate motion history (Stampfli
and Borel, 2002, 2004; Stampfli and Hochard, 2009) whilst a free-slip boundary con-
dition is specified at the CMB. Phase changes are incorporated at 410- and 660-km
depth, as sheet mass anomalies (Tackley et al., 1993). Depth-dependent viscosity is
included, increasing in the lithosphere and lower mantle by factors of 10 and 100 re-
spectively. In addition, viscosity varies with temperature by a factor of 200. Other key
model parameters are included in Table 3.1.
Initially each model is run as a standard convection model (i.e. free-slip surface
boundary) until a thermal quasi-steady state is achieved. After this, the approach of
Bunge et al. (2002) is followed and unknown initial conditions of early Triassic man-
tle heterogeneity are approximated by running each model with a global plate con-
figuration fixed to the oldest available reconstruction at 230 Ma, for a period of 100
Myr. Thermo-chemical models have an initial 700km thick basal layer of dense mate-
rial which progressively deforms as the model evolves to form both piles and thermo-
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Parameter Value
Ra(b) 6 x 107
Ra(h) 8 x 108
Reference viscosity (¥) 1.5 x 1021Pa s
Viscosity jump at 100,600km 0.1,100
E (pre-exponential factor for ¥ø) 5.298
Tsur f ace , TCMB 300K, 4000K
Cl410, Cl660 +3.0 MPa K°1, -2.0 MPa K°1
Thermal conductivity (∑) 4.0 W m°1 K°1
Thermal expansivity surface(Æsur f ) 4.0 x 10°5 K°1
Thermal expansivity CMB (ÆCMB) 1.2 x 10°5 K°1
Internal heating rate (Qint ) 5.0 x 10°12 W kg°1
Heat capacity (Cp) 1.1 x 103 kg°1 K°1
Table 3.1.: Parameters common to all models. Rayleigh numbers (Ra(b) and (Ra(h)) are calcu-
lated from reference equation of state parameters at the Earth’s surface and the reference viscos-
ity. Ra(h) is the Rayleigh number for the Earth’s mantle due to internal heating alone, and is
given by gΩ02ØHD5/∫Æ∑ (H is the rate of radiogenic heat production, D is the depth of the man-
tle, g is acceleration due to gravity, ∫ is the kinematic viscosity and Ø is the thermal expansion
coefficient). The Rayleigh number for bottom heating of themantle from the core, Ra(b), is given
by Ω0gØ¢TsaD3c/∫∑ (¢Tsa is the temperature difference between the reference mantle temper-
ature and the CMB and c is the specific heat capacity). Radial reference values are represented
through a Murnaghan (1951) equation of state, with parameter values as in Bunge et al. (2002)
chemical plume type structures.
All models are Earth-like in terms of convective vigour, thermal structure, surface
heat flux and the geographic pattern of heterogeneity (controlled by the assimilated
plate motion history) and are sufficiently realistic to represent a plausible range of
end-member thermal and thermochemical convection scenarios (Davaille et al., 2003;
Kellogg et al., 1999; McNamara and Zhong, 2004; Schuberth et al., 2009a; Simmons
et al., 2009; Tackley, 1998, 2002; Deschamps and Tackley, 2008, 2009):
1. ModelT is an isochemicalmodelwhich is heated 65% internally and 35% through
its base. Themodel has boundary layers of 100km thickness. The upper mantle
is dominated by strong downwellings in regions of present-day plate conver-
gence (Fig 3.2). In the lower mantle, remnants of older subduction are visible,
whilst concentrations of hot upwellings are located under the Pacific and Africa,
owing to the strong core heat flux (Schuberth et al., 2009b). The radially aver-
aged temperature profile (Fig. 3.4a) is slightly sub-adiabatic. Lateral tempera-
ture anomalies amount to a few hundred degrees only and increase with depth,
as expected for a vigorously convecting systemwith substantial internal heating
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(Bunge et al., 2001).
2. Model TC2.5 is a thermo-chemical model where the initial basal layer has an
excess density of 2.5% - broadly compatible with either a MORB or IRC compo-
sition (Fig. 2.10.) Themodel evolves through time to form a strongly undulating
interface, dominated by locally discontinuous chemical piles. Two large piles
of hot dense material form beneath Africa and the Pacific and extend upwards
throughout the lower mantle depth range ( Fig. 3.3). The high excess temper-
ature of the piles means that the radial temperature profile is super-adiabatic
(Fig. 3.4b/d). Downwellings are of similar morphology to those of Model T
3. Model TC5.0: a thermo-chemical model, where the dense component has an
excess density of 5.0% (a maximum value for plausible dense-layer composi-
tions). In this case the negative compositional buoyancy of the dense layer is
sufficient to overcome positive thermal buoyancy forces and a globally continu-
ous layer forms. The strong thermal boundary layer that develops on top of this
layer forms an initiation point for upwelling (Fig. 3.3). As for the lower density
thermochemical case (model TC2.5) the effect of the hot, dense lower mantle
layer causes super-adiabaticity of the radial temperature profile (Fig. 3.4c/d).
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Figure 3.2.: The thermal field from case T. The scale illustrates the temperature, away from the
layer average (i.e. the thermal anomaly): (a) includes a radial surface at 1000 km depth, whilst
(b) includes a radial surface at 2800 km depth and an isosurface, representing regions of the
mantle that are 300 K hotter than average for their depth. In this, and all othermodels examined
herein, the upper mantle planform is dominated by strong downwellings in regions of present-
day plate convergence. In the mid and lower mantle, remnants of older subduction are visible,
illustrated here for the Tethyan region (a). In addition, concentrations of hot upwellings are
located under the Pacific (b) and Africa, in regions that are devoid of recent subduction. (D.R.
Davies, 2010, personal communication)
3.3.2. Conversion into seismic velocities
Themodelled (T,P,X) fields are converted into seismic velocities following the approach
as detailed in chapter 2 with the Sfo05 database (see table 2.1) and an average Qmodel
as in figure 2.3. These choices provide average sensitivity to T, P and X, within the
range of mineral-physics uncertainties. Calculations with alternative databases and
different anelasticity formulations (Cobden et al., 2008, 2009) give very similar results
in terms of biases to the 1-Dmodels.
In each case the background mantle is assumed to be pyrolite and either a MORB
composition (representative of subducted material) or IRC composition (as a poten-
tial dense primitive material) is assigned to the dense component (as in Table 2.2).
These two high-density compositions (both 3±0.5% denser than pyrolite, Fig. 2.10)
have distinct seismic signatures; theMORB composition being generally faster and the
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 
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Figure 3.3.: (Top) The structure of thermo-chemical case TC2.5: (a) A snapshot of the thermal
field showing a radial surface at 2800kmdepth and a cross section; (b) layer topographymapped
by the X=0.9 isosurface. Substantial lower mantle temperature anomalies are observed, owing
to the presence of dense chemical piles, which concentrate beneath Africa and the Pacific. (Bot-
tom) The structure of thermo-chemical case TC5.0: the thermal field is shown in (c) and a com-
positional X=0.9 isosurface in (d). Substantial excess temperatures build up below the globally
continuous chemical interface. There is no significant entrainment of dense material across this
interface. (D.R. Davies, 2010, personal communication)
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IRC composition generally slower, than a pyrolite. Other melt-depleted, peridotitic, or
chondritic compositions are not included as they have have similar velocities to py-
rolite, although with some differences in detailed phase transition structure, (Cobden
et al., 2008, 2009; Xu et al., 2008).
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Figure 3.4.: For the 3 dynamic models, (a)-(c) show temperature distribution, and (d) average
radial volume fraction of the dense component, X. For reference an adiabatic temperature profile
with potential temperature of 1400±C (solid blue line) is shown in panel a. Themodels represent
end-member scenarios for Earth’s mantle.
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Figure 3.5.: Temperature and shear wave velocity anomaly distribution for (a) model TC2.5 and
(b) model TC5.0. In each case, dVS is plotted relative to the radially averaged value of VS . Non-
linear sensitivity of VS to changes in temperature results in bias of velocity anomalies towards
high temperature regions.
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3.4. Biases to average structure
In most of the mantle, < V(T,P,X) > matches V < (T,P,X) > to within 0.1% (Fig. 3.6),
implying that, in general, seismic structure of the physical reference and horizontally
averaged seismic structure agree within the uncertainty range of actual reference seis-
mic models; for AK135, lower mantle uncertainties are ±0.1% in VP and ± 0.15% in
VS, increasing by a factor of 2-5 in the upper mantle (Cobden et al., 2009, Kennett et
al., 1995). Larger differences occur: (i) around phase transitions, and (ii) in thermal
boundary layers.
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Figure 3.6.: The difference between < V(T,P,X) > (averaged radial velocity) and V < (T,P,X) >
(velocity corresponding to the average radial temperature and composition) for the 3 models.
Substantial biases in < V(T,P,X) > develop around phase transitions and, although less pro-
nounced, at thermal boundary layers
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3.4.1. Effect of phase transition topography
In the upper mantle < V(T,P,X)>°V < (T,P,X)> is dominated by a series of large am-
plitude narrow spikes(each with a large positive and negative peak) (Fig. 3.6). These
peaks form through lateral variations in temperature which mean that each phase
transition occurs at a variety of depths in the three-dimensional model. When aver-
aged into a 1-D seismic profile peaks are mapped into a broad depth region, whereas
along the reference physical profile the same phase transition occurs at a single tem-
perature and hence a single sharp jump occurs (Fig. 3.7).


 





 






 



Figure 3.7.: Phase-boundary topography due to lateral variations in temperature (a) cause a
broadening of the seismic jump associated with phase transitions along<V(T,P,X)>, relative to
the jump at < (T,P,X)> (b). This results in sharp peaks in < V(T,P,X)>°V < (T,P,X)> (c). Such
peaks may be mapped into elevated gradients (red dashed line) above and below imposed sharp
discontinuity depths in 1-D seismic inversions (b).
Such phase topography effects do not average out because positive and negative
anomalies occur at offset depths. The signs of the peaks are always positive above
and negative below the equilibrium transition depth because, independent of the sign
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of the Clapeyron slope, some regions pass through the phase transitions at shallower
depth than along the physical reference profile (leading to large local high-velocity
anomalies)while others transformat larger depths (leading to local low-velocity anoma-
lies). The width of each peak is dependent on the Clapeyron slope of the individual
phase transition and increases with magnitude of slope and with the lateral variation
in temperature. The largest peaks for the Ol to Wad and Ring to Pv+Mw transitions
have amplitudes of 3 to 4% and peak widths of 30-40 km.
3.4.2. Effect of thermal boundary layers
The strong temperature dependence of anelasticity results in significant non-linearity
of changes in velocity with temperature (see section 2.2.1). Therefore, in all thermal
boundary layers,<V(T,P,X)> is lower than the velocity expected for laterally averaged
conditions < (T,P,X) >. As seismic velocities decrease more strongly with increasing
temperature, averaged velocities are always biased toward slower velocity regions.
In thermal model T, away from the thermal boundary layers at the top and bottom
of themantle, generally temperature variations are small (a few hundred degrees) and
so the expected bias is also small (3.6a). However, over large lateral temperature vari-
ations -such as in the boundary layers- this bias can be larger. For example, a thermal
anomaly of 1000 K in themantle’s upper thermal boundary layermay increase seismic
temperature sensitivities, ±VP/±T and ±VS/±T by a factor of 2 and 3, respectively. In
the lowermost mantle, the increase over a similar ¢T is 1.3 (Fig. 3.6a).
In both thermochemical models, additional boundary layers develop in the mid-
mantle and lower mantle through the accumulation of stagnant dense material at the
CMB. Thermal and/or thermochemical plumesmay develop from the thermal bound-
ary layer at the interface between the hot, dense piles and the ambient mantle which
distribute material upwards throughout the mantle (Fig. 3.4d). In the dense layer and
within thermochemical plumes, the temperature anomaliesmay be significant- of the
order of 1000K- relative to ambient mantle (Fig. 3.5), resulting in bias of the average
velocities at the interface of the two compositions. Formodel TC2.5, as densematerial
is distributed throughout themantle in thermochemical plumes, this biasmay extend
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over the entire mantle region. In model TC5.0, as the dense material has sufficient
negative compositional buoyancy to overcome the positive buoyancy effects of tem-
perature, bias is focused in the depth region of undulations in the interface between
the dense material and ambient mantle (1900 to 2400km depth) (Fig. 3.6).
It should be noted that although dense chemical heterogeneity is ultimately re-
quired for mid-mantle layers to develop, the seismic bias introduced has a mainly
thermal origin. This is because we assume mechanical mixing of compositions. Con-
sequently, the compositional effect on velocity is linear and averages out. This is evi-
dent as biases to the average are almost identical when generated from a seismically
fast basaltic or seismically slow Fe-rich composition. The slight effect of chemistry
on magnitude of ±V/±T has insignificant effects on the bias between <V(T,P,X)> and
V < (T,P,X)> and rather it is the thermal anomaly effect of the dense layer which dom-
inates.
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3.5. Discussion
It is now clear frommymodel analysis that the assumption that the average 1D seismic
velocities of the mantle closely reflect the average physical structure of the mantle is
broadly true. Should the <V(T,P,X)> be inverted for <T(z)> then it would be correct
to within 20-30K, away from phase transitions and thermal boundary layers. How-
ever, if 1-D seismic velocities closely reflect the velocities expected from the average
physical structure, then, as adiabatic pyrolite shows mismatches with 1D seismic ref-
erence models, does this thenmean that the average thermochemical structure of the
mantle is not adiabatic pyrolite?
1-D seismic velocity models are partially constructed from observations of travel-
time data (Dziewonski and Anderson, 1981; Kennett et al., 1995) where the best fit
seismic velocities are obtained in depth layers using a number of differentmethods. In
such inversions transition depths and transition widths are described as a sharp jump
(or first order discontinuity) based on constraints from regional studies. As such, they
occur at a prescribed fixed depth and with a negligible width. As travel times remain
fixed, the biases in average structure that surround each phase transition are therefore
likely to be ’smeared’ out as increased gradients above and below the prescribed tran-
sition depth (Fig. 3.7b). Thiswill reduce the size of the velocity jumpat each transition.
A simple calculation indicates that each of these localised, strong velocity anomalies
may increase gradients by 10-20% over those along the reference physical structure,
and cause a reduction in the jump of a similar magnitude.
For example, for the olivine to wadsleyite transition along a 1300±C adiabat with py-
rolitic composition (Cammarano et al., 2005a; Cobden et al., 2008) at 410km depth,
at average conditions, the profile has a sharp transition at depth Zre f with a 6% in-
crease from VP of 9 km/s, and velocity gradients of 3 x 10°3 s°1 above and 2 x 10°3
s°1 below. If averaging results in a transition smeared over a region ± 30 km around
Zre f , this introduces a travel time anomaly of -0.05 s above and +0.09 s below Zre f .
If the anomaly accumulated above is mapped into a velocity gradient over a 150-km
depth interval aboveZre f , the result is a gradient increase by 10% and a reduction in
the jump by 15%. Similar numbers are obtained for the travel time accrued below
Zre f . A calculation for VS (jump of 7% from a velocity of 4.8 km/s, and gradients of
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1.2 x 10°3 s°1 above and below) gives travel time anomalies of -0.11, and +0.20 s above
and below Zre f , which map into gradients increased by 10-20%, and a jump reduced
by 20%. Additional phase transitions as well as the bias in the lithospheric boundary
layer (Fig. 3.6) could yield cumulative effects of tens of % on both gradients and jumps
- similar to the 30% difference in jump at ’410’ and in predicted gradients for an adia-
batic uppermantle and those that are seismically recovered (Cammarano et al., 2005b;
Cammarano and Romanowicz, 2007; Cobden et al., 2008; Li et al., 1998; Ritsema et al.,
2009).
Regional studies of the 410 discontinuity commonly find larger ’410’ impedance
contrasts than those of the reference models (Deuss, 2009; Shearer, 2000) and smaller
velocity depth-gradients (Nolet et al., 1994), which aremore consistent with the struc-
ture expected for an adiabatic-pyrolite mantle. Smearing of the 3-D bias due to phase
transition structure expected in a pyrolitic mantle, may go some way to reconcile the
’average’ 1-D reference models and the sharper regional signature seen in these stud-
ies.
However, mapping of bias cannot help to explain the higher velocities of global 1-D
models below the ’660’ than those expected for a pyrolitic mantle around this depth.
These features of the referencemodel may indicate additional complexity around this
transition- potentially including vertical chemical gradients (Cobden et al., 2008). Fur-
ther testing into how 3-D biases are mapped into structure in a 1-D seismic inversion
is required, but is beyond the scope of this work.
87
3.6. Conclusions
Comparison of the average radial seismic velocities(<V(T,P,X)>) for a selected group
of thermal and thermochemical mantle convection models with the velocities pre-
dicted for the average physical profile of these same models (V < (T,P,X) > indicate
that:
• 1-D seismic referencemodels closely reflect the horizontal average thermo-chemical
structure of the mantle. If the composition of the mantle is known, an inversion
of<V(T,P,X)> for<T(z)>would be correct to within 20-30K, away from phase
transitions and thermal boundary layers. In the upper, mid-mantle and lower
thermal boundary layers, inversions for < T(z) > could be overestimated by up
to 40K, 40K and 120K respectively.
• Models which include a dense lower-mantle compositional layer develop large
scale topographywhichmay introduce significant lateral velocity anomalies and
a net super-adiabatic thermal gradient. However, despite the transport of hot
anddensematerial from theCMB to the uppermantle in thermochemical plumes,
velocities corresponding to the radial average physical structure will map, al-
most without bias, into averaged seismic structure. The effect of chemical het-
erogeneity on seismic velocities may therefore help to reconcile lower mantle
reference P- and S- wave models.
• Lastly, biases may develop around phase transitions due to topography pro-
duced by lateral variations in temperature. Such biases are not allowed for in
inversion of travel time data and as suchmay bemapped into velocity gradients
above and below fixed transition depths. This may help to reconcile the high
upper-mantle depth-velocity gradients of 1-D seismic referencemodels and the
low magnitude velocity jump at 410km with the velocity profile expected for an
adiabatic pyrolite and reduce the need to invoke compositional gradients above
and below 400 kmdepth (Anderson andBass, 1984; Cammarano andRomanow-
icz, 2007; Cobden et al., 2008; Irifune et al., 2008; Li et al., 1998). However, fea-
tures of the 1-D reference models at 660 are less readily explained by bias in ve-
locities around the ringwoodite to perovskite phase transition and further work
on the inclusion of thermochemical bias in 1D seismic inversions is required.
88
References
Anderson, D. L. and Bass, J. D. ‘Mineralogy and composition of the upper mantle.’ Geophys. Res. Lett.,
11(7):pages 637–640 (1984)
Baumgardner, J. R. ‘Three-dimensional treatment of convective flow in the earth’s mantle.’ J. Stat. Phys.,
39(5):pages 501–511 (1985)
Bina, C. R. and Silver, P. G. ‘Constraints on lower mantle composition and temperature from density and
bulk sound velocity profiles.’ Geophys. Res. Lett., 17(8):pages 1153–1156 (1990)
Bunge, H-P. and Davies, J. H. ‘Tomographic images of a mantle circulation model.’ Geophys. Res. Lett.,
28(1):pages 77–80 (2001)
Bunge, H-P., Ricard, Y. and Matas, J. ‘Non-adiabaticity in mantle convection.’ Geophys. Res. Lett.,
28(5):pages 879–882 (2001)
Bunge, H-P., Richards, M. A. and Baumgardner, J. R. ‘A sensitivity study of three-dimensional spherical
mantle convection at 108 Rayleigh number: Effects of depth-dependent viscosity, heating mode, and
an endothermic phase change.’ J. Geophys. Res., 102(B6):pages 11991–12007 (1997)
Bunge, H-P., Richards, M. A. and Baumgardner, J. R. ‘Mantle circulation models with sequential data
assimilation: inferring present day mantle structure from plate motion histories.’ Philos. Trans. R.
Soc., A, 360(1800):pages 2545–2567 (2002)
Cammarano, F., Deuss, A., Goes, S. and Giardini, D. ‘One-dimensional physical reference models for the
upper mantle and transition zone: Combining seismic and mineral physics constraints.’ J. Geophys.
Res., 110(B1):page B01306 (2005a)
Cammarano, F., Goes, S., Deuss, A. and Giardini, D. ‘Is a pyrolitic adiabatic mantle compatible with
seismic data?’ Earth Planet. Sci. Lett., 232(3-4):pages 227–243. doi:10.1016/j.epsl.2005.01.031 (2005b)
Cammarano, F. and Romanowicz, B. ‘Insights into the nature of the transition zone from physically con-
strained inversion of long-period seismic data.’ Proc. Natl. Acad. Sci. U.S.A., 104(22):pages 9139–9144
(2007)
Cobden, L., Goes, S., Cammarano, F. and Connolly, J. A. D. ‘Thermochemical interpretation of one-
dimensional seismic reference models for the upper mantle: evidence for bias due to heterogeneity.’
Geophys. J. Int., 175(2):pages 627–648 (2008)
Cobden, L., Goes, S., Ravenna,M., Styles, E., Cammarano, F., Gallagher, K. and Connolly, J. A. D. ‘Thermo-
chemical interpretation of 1-D seismic data for the lower mantle: The significance of non-adiabatic
thermal gradients and compositional heterogeneity.’ J. Geophys. Res., 114(B11):page B11309 (2009)
da Silva, C. R. S., Wentzcovitch, R. M., Patel, A., Price, G. D. and Karato, S. I. ‘The composition and
geotherm of the lower mantle: constraints from the elasticity of silicate perovskite.’ Phys. Earth.
Planet. Inter., 118(1-2):pages 103–109. doi:10.1016/S0031-9201(99)00133-8 (2000)
Davaille, A., Le Bars, M. and Carbonne, C. ‘Thermal convection in a heterogeneous mantle.’ Comptes
Rendus Geosciences, 335(1):pages 141–156. doi:10.1016/S1631-0713(03)00003-8 (2003)
Davies, D. R. and Davies, J. H. ‘Thermally-driven mantle plumes reconcile multiple hot-spot observa-
tions.’ Earth Planet. Sci. Lett., 278(1-2):pages 50–54. doi:10.1016/j.epsl.2008.11.027 (2009)
Davies, J. H. and Bunge, H-P. ‘Seismically fast geodynamic mantle models.’ Geophys. Res. Lett.,
28(1):pages 73–76 (2001)
Deschamps, F. and Tackley, P. J. ‘Searching formodels of thermochemical convection that explain proba-
bilistic tomography II. influence of physical and compositional parameters.’ Phys. Earth. Planet. Inter.,
176:pages 1–18. doi:10.1016/j.pepi.2009.1003.1012 (2009)
Deschamps, F. and Tackley, P.J.. ‘Searching for models of thermochemical convection that explain prob-
abilistic tomography I. Principles and influence of rheological parameters.’ Phys. Earth. Planet. Inter.,
171:pages 357–373 (2008)
Deschamps, F. and Trampert, J. ‘Towards a lower mantle reference temperature and composition.’ Earth
Planet. Sci. Lett., 222(1):pages 161–175. doi:10.1016/j.epsl.2004.02.024 (2004)
Deuss, A. ‘Global observations of mantle discontinuities using SS and PP precursors.’ Surveys in Geo-
physics, 30(4):pages 301–326 (2009)
Duffy, T. S. and Anderson, D. L. ‘Seismic velocities in mantle minerals and the mineralogy of the upper
mantle.’ J. Geophys. Res., 94(B2):pages 1895–1912 (1989)
Dziewonski, A. M. and Anderson, D. L. ‘Preliminary reference Earth model.’ Phys. Earth Planet. Int.,
25(4):pages 297–356. doi:10.1016/0031-9201(81)90046-7 (1981)
Irifune, T., Higo, Y., Inoue, T., Kono, Y., Ohfuji, H. and Funakoshi, K. ‘Sound velocities of majorite garnet
and the composition of the mantle transition region.’ Nature, 451(7180):pages 814–817. doi:10.1038/
nature06551 (2008)
Irifune, T. and Ringwood, A. E. ‘Phase transformations in a harzburgite composition to 26 GPa: implica-
tions for dynamical behaviour of the subducting slab.’ Earth Planet. Sci. Lett., 86(2-4):pages 365–376.
doi:DOI:10.1016/0012-821X(87)90233-0 (1987)
Ita, J. and Stixrude, L. ‘Petrology, elasticity, and composition of the mantle transition zone.’ J. Geophys.
Res., 97(B5):pages 6849–6866 (1992)
Jackson, I. and Rigden, S.M. ‘Composition and temperature of the Earth’s mantle: seismological mod-
els interpreted through experimental studies of Earth’s materials.’ In: I. Jackson (Editor), ‘The Earth’s
Mantle: Composition, Structure and Evolution,’ pages 405–460. Cambridge University Press, Cam-
bridge, UK (1998)
89
Jarvis, G. T. andMcKenzie, D. P. ‘Convection in a compressible fluidwith infinite Prandtl number.’ J. Fluid
Mech., 96(03):pages 515–583 (1980)
Kellogg, L. H., Hager, B. H. and van der Hilst, R. D. ‘Compositional stratification in the deep mantle.’
Science, 283(5409):pages 1881–1884 (1999)
Kennett, B. L. N. ‘On seismological reference models and the perceived nature of heterogeneity.’ Phys.
Earth Planet. Inter., 159(3-4):pages 129–139. doi:10.1016/j.pepi.2006.07.006 (2006)
Kennett, B. L. N., Engdahl, E. R. and Buland, R. ‘Constraints on seismic velocities in the Earth from
traveltimes.’ Geophys. J. Int., 122(1):pages 108–124 (1995)
Kennett, B.L.N. and Jackson, I. ‘Optimal equations of state for mantle minerals from simultaneous non-
linear inversion of multiple datasets.’ Phys. Earth Planet. Inter., 176(1-2):pages 98–108 (2009)
Khan, A., Connolly, J. A. D. and Taylor, S. R. ‘Inversion of seismic and geodetic data for themajor element
chemistry and temperature of the Earth’s mantle.’ J. Geophys. Res., 113(B9):page B09308 (2008)
Li, B. and Liebermann, R. C. ‘Indoor seismology by probing the Earth’s interior by using sound velocity
measurements at high pressures and temperatures.’ Proc. Natl. Acad. Sci. U.S.A, 104(22):pages 9145–
9150 (2007)
Li, B., Liebermann, R. C. andWeidner, D. J. ‘Elasticmoduli of wadsleyite (beta-Mg2SiO4) to 7 Gigapascals
and 873 Kelvin.’ Science, 281(5377):pages 675–677 (1998)
Mao, W. L., Mao, H-k., Prakapenka, V. B., Shu, J. and Hemley, R. J. ‘The effect of pressure on the structure
and volume of ferromagnesian post-perovskite.’ Geophys. Res. Lett., 33(12):page L12S02 (2006)
Matas, J., Bass, J., Ricard, Y., Mattern, E. and Bukowinski, M. S. T. ‘On the bulk composition of the lower
mantle: predictions and limitations from generalised inversion of radial seismic profiles.’ Geophys. J.
Int., 170(2):pages 764–780 (2007)
Mattern, E., Matas, J., Ricard, Y. and Bass, J. ‘Lower mantle composition and temperature from mineral
physics and thermodynamic modelling.’ Geophys. J. Int., 160(3):pages 973–990 (2005)
McNamara, A. K. and Zhong, S. ‘Thermochemical structures within a spherical mantle: Superplumes or
piles?’ J. Geophys. Res., 109(B7):page B07402 (2004)
Mégnin, C., Bunge, H-P., Romanowicz, B. and Richards, M. A. ‘Imaging 3D spherical convection models:
What can seismic tomography tell us aboutmantle dynamics?’ Geophys. Res. Lett., 24(11):pages 1299–
1302 (1997)
Murnaghan, F. Finite deformation of an elastic solid. Wiley, New York (1951)
Nolet, G., Grand, S. P. and Kennett, B. L. N. ‘Seismic heterogeneity in the upper mantle.’ J. Geophys. Res.,
99(B12):pages 23753–23766 (1994)
Ringwood, A. E. ‘A model for the upper mantle.’ J. Geophys. Res., 67(2):pages 857–867 (1962)
Ritsema, J., McNamara, A. K. and Bull, A. L. ‘Tomographic filtering of geodynamic models: Implica-
tions formodel interpretation and large-scalemantle structure.’ J. Geophys. Res., 112(B1):page B01303
(2007)
Ritsema, J., Xu, W., Stixrude, L. and Lithgow-Bertelloni, C. ‘Estimates of the transition zone temperature
in a mechanically mixed upper mantle.’ Earth Planet. Sci. Lett., 277(1-2):pages 244–252. doi:10.1016/
j.epsl.2008.10.024 (2009)
Schuberth, B. S. A., Bunge, H. P. and Ritsema, J. ‘Tomographic filtering of high-resolution mantle circu-
lation models: Can seismic heterogeneity be explained by temperature alone?’ Geochem. Geophys.
Geosyst., 10(5):page Q05W03 (2009a)
Schuberth, B. S. A., Bunge, H.-P., Steinle-Neumann, G., Moder, C. and Oeser, J. ‘Thermal versus elastic
heterogeneity in high-resolution mantle circulation models with pyrolite composition: High plume
excess temperatures in the lowermost mantle.’ Geochem. Geophys. Geosyst., 10(1):page Q01W01
(2009b)
Shearer, P. M. ‘Upper mantle seismic discontinuities.’ Geophysical monograph, 117 (2000)
Simmons, N. A., Forte, A.M. and Grand, S. P. ‘Joint seismic, geodynamic andmineral physical constraints
on three-dimensional mantle heterogeneity: Implications for the relative importance of thermal ver-
sus compositional heterogeneity.’ Geophys. J. Int., 177(3):pages 1284–1304 (2009)
Stampfli, G. M. and Borel, G. D. ‘A plate tectonic model for the Paleozoic and Mesozoic constrained by
dynamic plate boundaries and restored synthetic oceanic isochrons.’ Earth Planet. Sci. Lett., 196:pages
17–33. doi:10.1016/S0012-821X(01)00588-X (2002)
Stampfli, G. M. and Borel, G. D. ‘The TRANSMED transects in space and time: constraints on the pa-
leotectonic evolution of the Mediterranean domain.’ In: W. Cavazza, F. Roure, W. Spakman, G. M.
Stampfli and P. Ziegler (Editors), ‘The TRANSMED Atlas: the Mediterranean Region from Crust to
Mantle,’ pages 53–80. Springer Verlag (2004)
Stampfli, G. M. and Hochard, C. ‘Plate tectonics of the Alpine realm.’ Geological Society, London, Special
Publications, 327(1):pages 89–111 (2009)
Tackley, P. J. ‘Self-consistent generation of tectonic plates in three-dimensionalmantle convection.’ Earth
Planet. Sci. Lett., 157(1-2):pages 9–22. doi:10.1016/S0012-821X(98)00029-6 (1998)
Tackley, P. J. ‘Strong heterogeneity caused by deep mantle layering.’ Geochem. Geophys. Geosyst.,
3(4):page 1024 (2002)
Tackley, P. J., Stevenson, D. J., Glatzmaier, G. A. and Schubert, G. ‘Effects of an endothermic phase transi-
tion at 670 kmdepth in a sphericalmodel of convection in the Earth’smantle.’Nature, 361(6414):pages
699–704. doi:10.1038/361699a0 (1993)
Tackley, P.J., Xie, S., Nakagawa, T. and Hernlund, J. W. ‘Numerical and laboratory studies of mantle con-
vection: Philosophy, accomplishments and thermo-chemical structure and evolution.’ In: ‘Earth’s
90
Deep Mantle: Structure, Composition and Evolution„’ pages 83–99. Geophysical Monograph Series,
160 (2005). doi:0.1029/1160GM1007AGU
van der Hilst, R., Engdhal, E., Spakman,W. andNolet, G. ‘Tomographic imaging of subducted lithosphere
beneath northwest Pacific island arcs.’ Nature, 353:pages 37–43 (1991)
Weidner, D. J. ‘A mineral physics test of a pyrolite mantle.’ Geophys. Res. Lett., 12(7):pages 417–420 (1985)
Xu, W., Lithgow-Bertelloni, C., Stixrude, L. and Ritsema, J. ‘The effect of bulk composition and temper-
ature on mantle seismic structure.’ Earth Planet. Sci. Lett., 275(1-2):pages 70–79. doi:10.1016/j.epsl.
2008.08.012 (2008)
91
4
Synthetic tomographic signature of
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4.1. Summary
As outlined in section 1.2, seismic detection of a mantle plume is crucial in helping
to resolve some of the the ongoing debate surrounding the origin of hotspots, and
the role of plumes in mantle convection. However, present day images of mantle
plumes beneath hotspots may be ambiguous as they vary in both observed ampli-
tude and morphology from study to study. In this chapter I test the hypothesis that
whole-mantle plumes exist below major hotspots, by quantitatively comparing the
predicted seismic structure for a number of physically plausible plume models with
tomographic images beneath hotspots.
Synthetic plume structures are set up in three steps, (1) simulation of a set of repre-
sentative thermal plumes by solution of the governing equations for Earth-like param-
eters in an axisymmetric spherical shell, (2) conversion of the thermal structures into
shear-velocity anomalies using self-consistent thermo-dynamic relationships, and (3)
projection of the theoretical plumes as seismic images using the S40RTS tomographic
filter (Ritsema et al., 2011), to account for the variable distortion and damping that
characterise tomographic images. Chosen plume models have excess potential tem-
peratures of approximately 375K and excess CMB temperatures of 600K. The tempera-
ture contrast of these plumes maps into negative shear-wave anomalies of up to 4-8%
between 300 and 660 km depth, and 2.0-3.5% in the mid-lower mantle. Should the
plumes tail be narrower than 150-250km in the upper mantle, and 400-700km in the
lower mantle, then given the parameterisation wavelength and heterogeneous reso-
lution of the global tomography model S40RTS, it may be difficult to differentiate be-
tween the signature of the plume and other mantle structures.
I perform an analysis of the character of the seismic anomalies in S40RTS beneath a
group of 40 hotspots from the list of Ito and van Keken (2007). From this I determine
that more than half the chosen hotspots are underlain by low-velocity anomalies that
extend through most of the lower mantle and greater than 90% of the hotspots ex-
hibit slow shear wave upper mantle velocities. Hotspots with lower mantle anomalies
have magnitudes exceeding 0.6%, compatible with the strength of synthetic thermal
plume signatures, and widths mostly within the range 800-1200 km, at the high end of
plausible thermal plume structures. However, imaged lowermantle anomalies display
highly contorted morphologies with strong tilts; incompatible with the straight con-
duits predicted by steady state dynamic plumemodels. In ten locations, including Ice-
land, the East African hotspots, Hawaii, and the Samoa/Tahiti and Cobb/Bowie pairs,
S40RTS low-velocity anomalies extending through the transition zone imply 200-300
K excess temperatures over a 1000 kmwide region, i.e., substantially broader than ex-
pected for thermal plume tails, which may correspond to a thermal or thermochem-
ical plume pulse. S40RTS hotspot anomalies may therefore be compatible with deep
seated plumes below a number of hotspots, but require strongly variable fluxes and
time-dependent morphologies, as occurs, for example, in plumes modified by chemi-
cal or phase buoyancy forces.
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4.2. Motivation
As detailed in the introductory chapter (1.1), the connection between hotspots and
mantle plumes is fiercely debated in literature. Despite seismic methods providing
us with the best possible method of detecting a mantle plume beneath hotspots, in-
terpretation of tomographic images of plumes is difficult; while some studies image a
continuous low-velocity anomaly beneath anumber of hotspots, others image anoma-
lies that do not convincingly extend into the lower mantle (see Fig. 1.4). Additionally,
constraints from such images are coarse in comparison to the fine detail provided by
numerical simulations and analogue experiments. Dynamic studies ofmantle plumes
predict that plumes should be wide in the high-viscosity lower mantle, and thin in
the upper mantle (van Keken et al., 1993; Nakakuki et al., 1994; Tackley, 1996; Goes
et al., 2004; Farnetani and Samuel, 2005; King and Redmond, 2007) but such detailed
morphologies may not be visible in tomographic images due to artefacts, such as
smearing and damping, as well as heterogeneous (geographically varying and depth-
dependent) resolution. Imaged morphologies and amplitudes of anomalies beneath
hotspot locations also vary from study to study and are reliant on both the data used
and applied modelling techniques. In order to interpret the anomalies observed in
global tomographic models in terms of temperature and composition it is therefore
critical that in addition to detailed knowledge of seismic sensitivities (see chapter two
and three) a quantitative analysis of the effect of seismic resolution on Earth-like dy-
namic structures is included.
In this chapter, I perform a comparison of low shear-velocity anomalies below ma-
jor hotspots in model S40RTS (Ritsema et al., 2011) with synthetic seismic anomalies
derived from amineral-physics conversion of numerically simulated thermal plumes.
While a number of previous studies have followed a similar procedure (Goes et al.,
2004; Kreutzmann et al., 2004), the effect of tomographic resolution has previously
been neglected. By convolving the converted dynamicmodel structures with an avail-
able resolution filter, I am able to account for such effects, allowing for a more quanti-
tative comparison with observed anomalies.
I perform the comparison in three steps: (1) selection of a series of dynamical mod-
els of mantle plumes that predict variable morphologies; (2) conversion of these dy-
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namical structures into seismic velocities (as in chapters two and three); and subse-
quently (3) application of the S40RTS resolution filter. I then perform a full quanti-
tative analysis of the predicted seismic expression of the plume models with the ob-
served tomographic model structure below hotspots.
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4.3. Methodology
4.3.1. Dynamicmodels of mantle plumes
Since the introduction of the plume hypothesis by Morgan in 1971 , the generation
of plumes from a thermal boundary layer has been modelled extensively in both lab-
oratory and numerical experiments under a large range of different conditions (see
Ribe et al. 2006 for a review). A large variety of plume shapes and effects have been
observed and complex time-dependentmorphologies may be produced where the ef-
fect of chemical buoyancy (Lin and van Keken, 2005; Ribe et al., 2006; Samuel and
Bercovici, 2006; Kumagai et al., 2008), non-linear rheology (van Keken, 1997) or the ef-
fects of phase transitions (Farnetani and Samuel, 2005) are included. However, despite
the differences between studies a number of consistent characteristics are observed:
• Widths increase with depth. Depending on the viscosity structure of the mantle
plumes may broaden rapidly over narrow depth intervals (e.g., at the 660-km
phase transition), or smoothly with depth, if the viscosity increase is gradual.
Plume tail widths range from several hundred km in the lower mantle to few
tens to few hundred km in the upper mantle (van Keken et al., 1993; van Keken
and Gable, 1995; Goes et al., 2004; King and Redmond, 2007).
• The temperature contrast between the plumes and surrounding mantle increases
with depth. Surface constraints (petrological, topography, and seismic) indicate
excess temperatures below hotspots (relative to mantle average) of 100-300K
(Herzberg and Gazel, 2009). The excess temperature at the base of the mantle
can be up to a factor of three higher depending on the relative importance of adi-
abatic compression, internal heating and conductive cooling during plume as-
cent (Loper and Stacey, 1983; Albers andChristensen, 1996; Bunge, 2005; Zhong,
2006).
• Three-dimensional models indicate that strong shearing by moving plates can
significantly alter flow patterns and cause bent (or tilted) conduits to form (Stein-
berger andO’Connell, 1998; Farnetani andHofmann, 2010). If plumes are strongly
timedependent, thenhighly irregular structuresmay result (Farnetani and Samuel,
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2005).
For our analysis we choose four plume models from a set by Smith and Van-Keken
(2011, personal communication) based on the set up of Lin and van Keken (2006a);
models P0s, P0h, P2s and P4s. These models present a range of steady-state plumes
with a high-viscosity lower mantle and variable phase transitions - chosen to span a
range ofwidth-variationswith depth - andhence provide a range of seismic structures.
Models P0s and P0h include no phase transition effects, whereas models P2s and
P4s include phase boundaries, corresponding to the olivine-wadsleyite and ringwoodite-
perovskite + magnesiowustite transitions, at 410 and 670 km depth. For the 410-km
boundary a Clapeyron slope of +3 MPa/K is implemented, whereas for the 670-km
boundary a Clapeyron slope of either -2 MPa/K (P2s) or -4 MPa/K (P4s) is applied.
Models P0s, P2s and P4s are steady-state structures but model P0h is chosen to rep-
resent an earlier stage of model P0, where a head is present in the upper mantle (4.1).
Eachmodel has a high-resolution axisymmetric spherical shell geometry (averagemesh
resolution of 8 km with refinement to 2-5 km in the regions near the corner of the
plume axis and the core). The governing equations are based on the conservation of
mass, momentum and energy under the anelastic liquid approximation (King et al.,
2010) which accurately approximates the effects of compressibility of the mantle.
In each case, plumes are initiated from a small thermal perturbation at a CMB ther-
mal boundary layer, 100km thick and with an excess temperature of 600K . This pro-
vides corresponding excess surface temperatures of around 375K- towards the upper
end of petrological estimates of hotspot temperatures. An adiabatic reference temper-
ature profile is given by Tsexp(Di·z) (where Di =dissipation number=0.68 and Ts =po-
tential temperature =1600K). Each model incorporates depth-dependent expansivity
and diffusivity, where expansivity decreases from top to bottom by a factor of 8 and
diffusivity increases by a factor of 4 following the exponential functions of van Keken
(2001). Background viscosity of the lower mantle is 30 times larger than in the upper
mantle and plumes are a factor of 200 less viscous than the surrounding mantle due
to the temperature dependence of viscosity (using a Frank-Kamenetski exponential
dependence). The Rayleigh number (based on the background viscosity of the lower
mantle and surface values of diffusivity and expansivity) is 1.52x 106.
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Under these conditions, the plume rises through the lowermantle in approximately
30Myr. Once it reaches the transition zone, it penetrates rapidly into the uppermantle
and undergoes thinning by a factor of 2-3 (Fig. 4.1). As the head rises through the
upper mantle it forms a mushroom-type shape with a hot central core and a warm
cap. This headmay be ’pinched’ laterally as it passes from the lower into uppermantle
(Fig. 4.1b,c). When the plume head reaches the top of the box, it spreads laterally,
resulting in a few thousand kmwide hot region in the upper 200-300 km. Flowmay be
episodic, even when the effects of phase transitions are ignored (e.g. Model P0s), but
nearly steady-state is reached after approximately 80 Myr (Model P0s, Fig. 4.1a). The
effect of including phase transitions is to increase the time-dependence of the plumes
morphology; for example, in model P2s a portion of the original plume head remains
trapped in the uppermost lower mantle (Fig. 4.1c). In the case of model P4s, the effect
of the ’660‘ Clapeyron slope is sufficiently strong to inhibit plume penetration in the
upper mantle (Fig. 4.1d).
4.3.2. Conversion to seismic velocities
To map plume thermal structure into seismic velocity anomalies, we use the same
calculation of phase equilibria, density and elastic parameters as described in detail
in chapter 2. For all cases we convert temperatures into shear velocity, assuming an
isochemical pyrolitic composition (as in table 2.2) and shear velocity anomalies are
displayed relative to the reference profile outside the plume, corresponding to a 1600K
adiabat plus a basal thermal boundary layer.
Thermal anomalies for each plume increase with depth and average lower- man-
tle anomalies are a factor of 1.2 that in the upper-mantle. However, calculated shear-
velocity anomalies decreasewith depth due to the decrease in sensitivity of seismic ve-
locities to temperature with depth and the strongly depth dependent effects of anelas-
ticity (see section 2.2.1); ¢VS is a factor of 2 higher in the upper than in the lower
mantle (Fig. 4.1, 4.2). For all our tested plumes, with excess potential temperatures
of approximately +375K, strong shear-velocity anomalies of -5 to -12% are expected
in the uppermost mantle. This suggests that thermal effects alone are significant and,
contrary to suggestions from other studies (e.g., Yang and Shen, 2005; Li and Detrick,
2006), melt is not required to produce large amplitude uppermantle anomalies. In the
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Figure 4.1.: Thermal (left half) and S-wave velocity (right half) anomalies for the four dynamic
thermal plumes models: (a) P0s, (b) P2s, (c) P0h and (d) P4s. Anomalies are calculated as-
suming an isochemical pyrolitic composition and are relative to a reference profile outside the
plume, equivalent to an adiabat with TPOT = 1600K and a basal thermal boundary layer. Slow
VS anomalies are contoured every 1.0% for values less than -1.0%. While (¢TUM/¢TLM) is less
than 1 this relation inverts for velocity with (¢VSUM/¢VSLM) greater than 1. Left-hand panels
show model P0 (without phase transitions) in two phases of its evolution: (c) at 34 m.y. and (a)
at 80 m.y. when the tail has reached a quasi steady state. Right-hand panels show two more
steady-state cases for: (b) P2s, a model with Cl660= -2 MPa/K , and, (d) P4s, a model with Cl660=
-4 MPa/K. The models represent a range of plausible thermal plume morphologies and span a
range of upper- and lower-mantle widths.
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Figure 4.2.: Seismic sensitivity to temperature, plus uncertainties, as a function of depth. (a)
Temperature profiles for a reference adiabatic mantle geotherm ( TPOT= 1600K) and the axis of
plume P0s from Fig 4.1. (b) The difference in temperature between these two profiles. (c) The
range of derivatives of shear-wave velocity to temperature over the depth of the mantle along an
adiabat with TPOT= 1600K, and (d) the range of S-velocity anomalies (in% of the velocities along
the reference adiabat) for the thermal anomaly in (b). Variations in phase transition depths of
olivine and pyroxene minerals along the two thermal profiles cause large jumps in ±lnVS /±T,
which then produce corresponding jumps in the axial velocity anomaly. Phases marked are;
Pl= Plagioclase, Sp= Spinel, Gt=Garnet, Ol=olivine, Wad=Wadsleyite, Ring=Ringwoodite, Pv=
Mg-perovskite.
transition zone, anomalies are lower than in the uppermost mantle with maximum
magnitudes of -4% to -10%, while in the mid-lower mantle they drop to -2 to - 4.0%.
Despite differences in variation of amplitude with depth and in morphology of the
seismic anomalies around phase transitions, thermal and seismic anomalies mirror
each other closely. Uncertainties in the calculated seismic velocities are large, aris-
ing through uncertainties in the experimentally determined elastic parameters and
through uncertainties in anelastic effects. Allowing for these effects (as in section 4.2)
results in variations of around 30% of ¢VS ( Fig. 4.2d).
In the upper mantle, similarly to observed in chapters 2 and 3, there are narrow, lo-
calised high amplitude peaks in the seismic anomalies. These are produced by vertical
phase boundary shifts due to changes in temperature (labeled in Fig. 4.2c). At 410km,
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the exothermic Clapeyron slope associated with the olivine to wadsleyite phase tran-
sition, shifts the transition to greater depths within the plume than outside, resulting
in a high negative amplitude shear wave velocity anomaly. At 660km, the Clapeyron
slope of the dominant phase transition may switch sign from the endothermic ring-
woodite to perovskite phase transition at lower temperatures (like those of the back-
groundmantle) to the exothermic garnet to perovskite transition at high temperatures
within the range of plume temperatures (Hirose, 2002; Houser and Williams, 2009).
Therefore, either a high amplitude slow shear wave velocity anomaly peak or a high
amplitude fast shear wave velocity anomaly peak (as shown in 4.1 and 4.3) may be
produced at 660km depth, within mineral physics uncertainties. While this switch in
Clapeyron slope is not included in the dynamic models, it could result in a lower ex-
cess seismic anomaly of the plume in the transition zone.
Additional complexity is introduced through latent heat effects at phase transitions,
which shifts the transition-zone background temperature, on which the derivatives
depend and through changes in seismic sensitivity with phase. Overall this creates
a highly non-linear sensitivity of velocity to transition-zone temperature that causes
several strongly positive andnegative local anomalieswhichdominate the upperman-
tle signatures. In the lower mantle the absence of phase transitions leads to a much
simpler anomaly structure.
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4.3.3. Seismic resolution of plume structures
The final step in producing synthetic seismic plumes is to convolve the seismic ve-
locity structures with a readily available resolution filter for the tomographic model
S40RTS (Ritsema et al., 2011), which is constructed using inversion of Rayleigh wave
dispersion, body-wave travel-time and normal mode-splitting data. Although ideally,
forward modelling of the anticipated resolution of mantle plumes would also include
the effects of finite frequency (as inMontelli et al., 2004, the lack of availability of a su-
perior resolution operator than that for the S40RTS model means that, to date, filter-
ing with the S40RTS operator remains the best demonstration of the effects of variable
resolution in tomographic models.
The first step in producing a synthetic tomographic image is to project the con-
verted seismic structure into the parameterisation of S40RTS. This consists of spher-
ical harmonics up to degree 40 and 21 spline functions. Splines have a depth spac-
ing that increases from 50 km in the uppermost mantle to 200 km in deep mantle,
and spherical harmonics decrease in wavelength from approximately 1000km at the
Earth’s surface to 550km at the CMB. Accurate representations in the parameterisa-
tion step may be made for structures which are larger than approximately half this
wavelength. Diameters of the testedmodel plume tails range from 100 to 600 km, at or
slightly above the minimum S40RTS structure, and as a consequence, the plumes are
wider and smaller in maximum amplitude than the original structures after parame-
terisation (Fig. 4.3). Amplitude reduction is strongest for the narrowest parts of the
plumes and can result in partially discontinuous projected structures.
After parameterisation, the projected structure is then convolved with the resolu-
tion filter of S40RTS at a chosen location. This introduces a further reduction of the
structure’s anomaly amplitude, especially in the lower mantle, as well as introducing
geographically variable resolution. Structures are smeared in depth which smoothes
the strong gradients in plume width and produces anomaly structures as seen in Fig.
4.3a-c.
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4.4. Seismic signatures of purely thermalmantle plumes
Model P0s, with the smoothest variation in plume width with depth (Fig. 4.3a), dis-
plays a reduction in transition zone input amplitude of a factor of ten (filtered ¢VS
= -0.5 to -0.9%) (Fig. 4.3a). Lower-mantle anomaly reduction is about half of this (a
factor of 5), leaving a plume stem ¢VS of -1.0 to 1.5% in the shallow lower mantle.
Amplitudes in the lower mantle then decay with depth to around -0.7% in the lower-
most mantle.
ModelP2s is distinguished frommodel P0S after filtering by the large sub-transition-
zone width of the anomaly (Fig. 4.4). In the uppermost mantle the 1200kmwide head
of the input plume is smeared out over a region approximately 2000km wide and is
reduced in amplitude by a factor of 2 (filtered ¢VS = -2.0 to -6.0%), whereas transition
zone anomalies are reduced by a factor of 10 (filtered ¢VS = -0.5 to -1.2%) . The large
width of the sub-transition zone input structure means that in the uppermost lower
mantle (800km depth) around 40% of the input amplitude is recovered, but, as for P0s,
amplitude recovery decays with depth and by the lowermost mantle amplitudes of
¢VS are around -0.7%.
Similarly, the lateral spreading of plume material beneath 660km for model P4s,
means that the recovered width and strength of the shear-velocity anomaly in the
uppermost lower mantle is larger than that of P0s (filtered ¢VS = -1.5 to -2.7%) (Fig.
4.3b). The filtered image also shows that, despite the high amplitudes of the anomaly
beneath 660, the plume is restricted to the lower mantle and there is no evidence of
smearing of lower mantle structure upwards into the transition zone. Low-amplitude
slow shear wave velocity anomalies exist immediately above 660 kmafter filtering, and
result from a small amount of heating of the transition zone by the presence of the
plume in the lower mantle beneath 660 (see Fig 4.1).
Model P0h, which represents an earlier stage of model P0s (Fig. 4.1c), provides an
illustration of the recovery of a structure with a large upper mantle and narrow lower
mantle conduit - similar to ’classical’ plume type morphology. After filtering, the up-
permantle anomaly and lowermantle anomaly are similar inwidth and so the detailed
shape of the input structure is, to some extent, lost. An abrupt break in the anomaly
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at 660km depth is produced by the positive velocity anomaly associated with the en-
dothermic ringwoodite to perovskite phase transition, rather than a reduction inwidth
of the thermal anomaly associated with the plume. As detailed in section 4.3.2, the
positive anomaly disappears if switch from endothermic to exothermic phase transi-
tion occurs at a temperature lower than that of the plume and in this case, the filtered
seismic anomaly will appear continuous from upper to lower mantle.
Although it is now possible to draw simple comparisons between these synthetic
images and S40RTS, to help interpret the velocity structures observed in S40RTS a
method of relating (1) the viewed width and (2) amplitude of the observed anomaly
to the morphology and amplitude of the underlying (T,P,X) structure is required.
In previous conversions I filtered all structures placed beneath Iceland, but as res-
olution is laterally heterogeneous the recovered amplitude depends on location. To
quantify this effect I perform a simple test, placing a cylinder with constant axial am-
plitude andwidth beneath a number of hotspot locations before parameterisation and
filtering. As input structure is identical at each location, variations in resolved ampli-
tude after filtering reflect geographical variations in seismic resolution only (see Fig.
4.5). Hotspots under North-America (e.g. Yellowstone) and the South-West Pacific
show the best amplitude recovery and there is relatively low resolution in the South At-
lantic and Indian Ocean (e.g. the Tristan hotspot). Amplitude recovery below Hawaii
and Iceland is similar and intermediate between the two end members: quite good in
the upper mantle, but low compared to that in the mantle below 1500km underneath
North-American and South-West Pacific hotspots.
As the tests in Fig. 4.3 indicate, the recovery of the amplitudes of the shear-velocity
anomalies and the extent of spatial distortion of the theoretical structures also de-
pends on the original anomaly size. To map out the effect of plume width on tomo-
graphic recovery, I take the synthetic seismic plume structures and scale them to dif-
ferent widths, i.e., preserving overall shape and amplitudes but stretching or squeez-
ing them laterally. Anomaly widths are defined as the distance (around the maximum
anomaly) within which the anomaly has an amplitude of at least 50% of the maxi-
mum amplitude. I then apply the resolution filter to scaled plumes with widths rang-
ing from 200 to 2700 km, placed beneath Yellowstone, Iceland and Tristan (selected as
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Figure 4.3.: Synthetic plume structures formodels (a) P0s, (b) P4s and (c) P0hwhen placed below
Iceland. Cross sections are split : the left half showing structure after projection into spherical
harmonics and splines and the right half showing the structure after convolution with the res-
olution filter of S40RTS along an E-W profile. Slow seismic anomalies are contoured at 0.5%
intervals for anomalies larger than -0.5%. Side panels show plume width (at 50% of the max-
imum anomaly), and maximum velocity anomalies measured on the input, projected and fil-
tered structures. Shaded regions reflect uncertainties from the conversion step (Fig. 4.2) and
coincide with the mean for width estimates.
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end-member cases from Fig 4.5), and determine how the width and amplitude after
filtering relate to those of the input structures (Fig. 4.6).
Although precise anomaly reduction also depends on the detailed morphology of
the plume and the location of the input structure, trends are similar for a range of
plume-like structures (Fig. 4.6). Structures with widths exceeding the wavelength of
the highest angular order in the tomographic model may be viewed with 75 to 90%
of the input upper-mantle anomaly and 55-75% of the input lower-mantle anomaly.
As the parameterisation results in representation of most structures at approximately
the wavelength of a degree 40 spherical harmonic, imaged widths may underestimate
actual widths. Smaller structures are smoothed over the parameterisation wavelength
and the recovered amplitude falls off rapidly with decreasing plume size.
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4.5. Seismic signature of thermochemical mantle plumes
Although purely thermal plumes may exist within the mantle, it is also likely that
plumes originating in either the upper-, mid- or lower-mantle will sample chemical
heterogeneity existing on a variety of length scales (section 1.1). Dynamic models of
thermochemical plumes suggest that a large variety ofmorphologiesmay be produced
by including a component of dense material (Lin and van Keken, 2005; Ribe et al.,
2006; Samuel and Bercovici, 2006; Kumagai et al., 2008). The chosen four dynamic
models do not include such effects and as such I cannot account for compositionally
induced variations in morphology, however, I can investigate the potential influence
of variable composition on the amplitudes of the shear-velocity anomalies. To do this
I define a plume ’core’, where temperatures range from the axial maximum to half this
value, and assign the core to be one of two seismic end-member dense compositions.
As in chapter three, these are: (1) a basaltic MORB composition (with a higher density
and higher bulk and shear velocity than a pyrolite throughout the mantle) and (2) the
iron- and silica-rich IRC composition (with a higher density and lower shear and bulk
sound velocity than a pyrolite) (Table 2.2).
For a plume with a MORB core, thermal and thermochemical effects on seismic ve-
locities compete (MORB velocities are faster than those for a pyrolite at the equivalent
temperatures), resulting in weaker shear-wave velocity anomalies than for a purely
thermal (pyrolitic) plume. (Fig. 4.7a). An exception to this is in the depth interval
between 660 and 800 km where shear velocities are dominated by the compositional
effect; the transformation of a basaltic composition to its lower-mantle phase assem-
blage is not complete until 800 km, resulting in substantially reduced seismic veloc-
ities relative to a pyrolite at the same temperature. Other depth offsets in the phase
transitions between the two composition occur throughout the upper mantle, result-
ing in a complex seismic anomaly signature with localised, high amplitude peaks. Af-
ter projection and subsequent filtering, most of these peaks are smoothed out, result-
ing in a slightly weaker shallow upper mantle anomaly than for the equivalent ther-
mal plume but with a high amplitude region just below 660km depth (Fig. 4.3) . In
general, overall amplitudes are more subdued throughout the mantle, suggesting that
including a MORB type component may help to hide some of the seismic signature of
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a plume.
Conversely, for a plume with an iron-rich (IRC) core, the shear-velocity anomaly
(Fig.4.7b) is substantially enhanced. As for a MORB rich plume, the upper mantle sig-
nature is complex due to the depth offset (of the order of several kilometres) of phase
transitions between the two compositions (pyrolite and IRC). After filtering, the am-
plitude increase due to the IRC compositional component results in upper and lower
mantle anomalies that are about 0.5% stronger than for the equivalent purely thermal
(pyrolitic) plume.
Other factors, like water and melt (depending on melt geometry and the mech-
anism of anelastic relaxation) could also affect the shear velocity (Karato and Jung,
1998a; Hammond and Humphreys, 2000; Faul et al., 2004). Amounts of melt substan-
tial enough to influence seismic velocities are most likely confined to depths less than
about 200 km. The possibility of water at depths within the transition zone has been
debated (Karato and Jung, 1998b), and could, if concentrations are high, result in ve-
locity anomalies of maybe 2-3%. However, there is little evidence frommagma chem-
istry at most hotspots that plumes carry significant amounts of water (Dixon et al.,
2002).
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4.6. A global search for plume anomalies beneath hotspots
Throughout the previous sections I have presented a number of synthetic images of
dynamic thermal plumes with possible chemical effects, but in the following section
I concentrate on analysing the observed S40RTS model structure below a number of
hotspots. I choose to analyse 40 hotspots which are taken from the list of Ito and van
Keken (2007) and have at least two physical and chemical characteristics that are as-
sociated with hotspots (e.g. age–progressive volcanism, anomalously shallow topog-
raphy, association with a LIP and distinct volcanic geochemistry, see section 1.1)(see
table 4.1 and 4.2). Chosen locations are almost equally spread between two geographi-
cal regions, with 19 hotspots in the Pacific/Eastern Australia/Western North American
hemisphere, and, 21 hotspots located in the Indo-Atlantic-African region.
Below these hotspots I systematically search S40RTS for structures with amplitudes
and widths that are comparable with those of the synthetic thermal plumes after res-
olution filtering. Starting at each hotspot’s location, I determine the maximum shear
wave velocity reduction (in percent) within a search radius of 1000 km (corresponding
to the minimumwavelength of S40RTS parameterization) at 30km depth intervals. As
for the synthetic plumes, I define the anomaly width as the distance within which the
anomaly falls to 50% of the maximum amplitude. For each hotspot anomaly width is
determined along 8 radial profiles, before I average the determined values in order to
account for asymmetry in shape of the observed anomalies. To eliminate the poten-
tial bias introduced by outliers in any one depth slice I calculate averaged widths and
anomaly amplitudes over three broad depth intervals: 300 to 700km (upper mantle),
1000 to 1600km (mid-mantle) and 2000km to 2600km (lower mantle). Determined
amplitudes and widths are shown in tables 4.1 and 4.2 and in figure 4.10. To aid
in comparison of these values with those anticipated for thermal plumes, calculated
widths and amplitudes expected for purely thermal plume tails with input widths of
between 50 to 300 km in the upper mantle, and 300-600 km in the lower mantle are
also shown.
112
H
ot
sp
ot
Lo
n
(
± E
)
La
t
(±
N
)
<d
V
S
> U
M
(%
)
<d
V
S
> M
M
(%
)
<d
V
S
> L
M
(%
)
<R
ad
iu
s>
U
M
(k
m
)
<R
ad
iu
s>
M
M
(k
m
)
<R
ad
iu
s>
LM
(k
m
)
A
us
tr
al
/M
cD
on
al
d
14
0
-3
0
-1
.3
0
-1
.0
0
-1
.0
9
10
78
.6
68
0.
4
84
8.
0
B
al
le
ny
16
5
-6
7
-1
.8
6
-0
.6
0
-0
.0
7
13
22
.0
31
3.
0
0.
0
B
ow
ie
-1
30
50
-2
.2
9
-0
.5
8
-0
.5
3
82
5.
7
32
0.
5
27
8.
1
Ca
ro
lin
e
16
3
5
-0
.7
9
-1
.1
1
-1
.4
5
47
8.
3
39
2.
1
62
3.
6
Co
bb
-1
29
44
-2
.3
1
-0
.5
5
-0
.4
7
84
0.
4
35
6.
1
28
1.
9
Co
ok
-1
50
-2
4
-1
.4
6
-1
.0
1
-1
.2
3
95
8.
8
10
49
.1
76
8.
8
Ea
st
er
-1
09
-2
7
-1
.1
8
-0
.7
0
-1
.0
6
85
0.
0
51
1.
7
55
8.
1
Fo
un
da
tio
n
-1
11
-3
9
-1
.3
0
-0
.8
2
-0
.6
6
10
60
.9
44
1.
0
50
1.
0
G
al
ap
ag
os
-9
2
0
-0
.9
4
-0
.8
1
-0
.9
3
36
1.
9
43
4.
4
52
3.
4
H
aw
ai
i
-1
55
19
-1
.9
5
-0
.9
2
-0
.8
2
49
9.
5
48
8.
0
72
8.
8
Ju
an
Fe
rn
an
de
s
-7
9
-3
4
-0
.2
4
-1
.0
0
-0
.7
1
29
6.
8
35
1.
1
47
2.
3
Lo
ui
sv
ill
e
-1
41
-5
4
-1
.3
9
0.
74
-0
.5
5
25
83
.0
48
3.
0
43
9.
0
M
ar
qu
es
es
-1
39
-1
1
-1
.2
7
-0
.9
5
-1
.0
7
91
8.
2
73
0.
1
95
2.
6
Pi
tc
ai
rn
-1
29
-2
5
-1
.0
1
-0
.9
8
-0
.8
1
10
51
.6
66
6.
4
94
9.
4
Pu
kk
a-
Pu
kk
a
-1
66
-1
1
-1
.7
8
-1
.2
3
-1
.3
6
96
1.
4
12
56
.9
91
4.
8
Sa
m
oa
-1
69
-1
4
-1
.7
8
-1
.2
3
-1
.3
5
97
0.
8
14
86
.7
88
4.
5
So
ci
et
y/
Ta
hi
ti
-1
48
-1
8
-1
.4
6
-0
.9
9
-1
.2
8
95
8.
8
84
7.
0
78
9.
0
Ta
sm
an
tid
15
3
-4
1
-1
.1
8
-0
.6
7
-0
.4
3
82
3.
1
29
4.
4
49
0.
1
Ye
llo
w
st
on
e
-1
11
45
-1
.7
2
-0
.6
9
-0
.4
8
49
5.
9
33
9.
9
28
7.
5
Ta
bl
e
4.
1.
:P
ac
ifi
c/
A
m
er
ic
an
/A
u
st
ra
li
an
h
ot
sp
ot
s,
ta
ke
n
fr
om
th
e
li
st
of
It
o
an
d
va
n
K
ek
en
(2
00
7)
,b
el
ow
w
h
ic
h
S4
0R
T
S
st
ru
ct
u
re
w
as
ev
al
u
at
ed
.
Av
er
ag
e
va
lu
es
of
dV
S
an
d
ra
di
u
s
ar
e
ca
lc
u
la
te
d
ov
er
de
pt
h
ra
n
ge
s
of
30
0-
70
0k
m
(U
M
),
10
00
-1
60
0k
m
(M
M
)a
n
d
20
00
-2
60
0k
m
(L
M
).
113
H
ot
sp
ot
Lo
n
(
± E
)
La
t
(±
N
)
<d
V
S
> U
M
(%
)
<d
V
S
> M
M
(%
)
<d
V
S
> L
M
(%
)
<R
ad
iu
s>
U
M
(k
m
)
<R
ad
iu
s>
M
M
(k
m
)
<R
ad
iu
s>
LM
(k
m
)
A
fa
r
42
12
-2
.7
4
-0
.7
5
-0
.8
3
51
1.
2
58
0.
9
71
1.
7
A
sc
en
sio
n
-1
4
-8
-0
.6
3
-0
.5
7
-1
.1
2
28
8.
5
43
8.
6
83
5.
0
A
m
st
er
da
m
77
-3
7
-1
.5
2
-0
.7
3
-0
.7
5
72
8.
7
38
8.
8
57
9.
9
A
zo
re
s
-2
8
38
-0
.8
6
-0
.7
3
-0
.7
5
53
2.
5
50
8.
4
63
9.
6
B
ou
ve
t
3
-5
4
-0
.9
4
-0
.7
3
-1
.1
0
49
8.
1
41
5.
1
66
7.
5
Ca
m
er
oo
n
6
-1
-0
.1
4
-0
.7
0
-1
.4
0
54
6.
6
46
1.
1
95
6.
2
Ca
na
rie
s
-1
7
28
-0
.8
4
-1
.1
0
-0
.8
5
56
2.
4
51
4.
6
54
3.
5
Ca
pe
Ve
rd
e
-2
4
15
-0
.5
2
-0
.9
9
-0
.8
7
37
3.
1
61
3.
9
58
7.
6
Co
m
or
es
44
-1
2
-1
.1
5
-0
.9
1
-0
.8
1
92
0.
7
63
7.
8
11
20
.1
Cr
oz
et
50
-4
6
-0
.8
9
-0
.7
3
-1
.2
8
38
8.
9
52
5.
5
65
7.
2
Ea
st
A
fr
ic
a/
Ta
nz
an
ia
34
6
-2
.7
4
-0
.7
3
-1
.2
8
51
1.
2
65
1.
1
91
9.
9
Fe
rn
an
do
-3
2
-4
-0
.7
3
-0
.6
8
-0
.5
9
49
7.
5
39
9.
0
60
5.
8
Ic
el
an
d
-1
8
65
-3
.1
9
-0
.7
7
-0
.4
7
44
3.
2
40
1.
1
34
8.
2
Ja
n
M
ay
en
-8
71
-3
.1
9
-0
.8
2
-0
.4
5
44
3.
2
40
3.
4
26
0.
6
K
er
gu
el
en
63
-4
9
-0
.9
6
-0
.7
3
-0
.8
8
49
2.
2
45
0.
8
69
3.
3
M
ad
ei
ra
-1
8
33
-0
.8
7
-1
.0
4
-0
.7
4
11
18
.3
64
4.
9
11
79
.8
N
ew
En
gl
an
d
-5
8
35
-0
.8
3
-0
.6
6
-0
.2
8
67
5.
6
36
7.
4
21
2.
6
R
eu
ni
on
56
-2
1
-1
.2
0
-0
.9
7
-0
.7
0
50
2.
8
55
7.
5
94
3.
6
St
H
el
en
a
-1
0
-1
7
-0
.6
3
-0
.5
8
-1
.0
6
32
3.
7
46
7.
9
67
9.
5
Tr
in
id
ad
e
-2
9
-2
0
-0
.1
8
-0
.6
8
-0
.5
2
38
6.
7
38
6.
3
43
1.
6
Tr
ist
an
-1
2
-3
8
-0
.6
5
-0
.7
0
-1
.3
6
35
6.
4
40
5.
6
66
5.
7
Ta
bl
e
4.
2.
:A
tl
an
ti
c/
A
fr
ic
an
/In
di
an
h
ot
sp
ot
s,
ta
ke
n
fr
om
th
e
li
st
of
It
o
an
d
va
n
K
ek
en
(2
00
7)
,b
el
ow
w
h
ic
h
S4
0R
T
S
st
ru
ct
u
re
w
as
ev
al
u
at
ed
.
Av
er
ag
e
va
lu
es
of
dV
S
an
d
ra
di
u
s
ar
e
ca
lc
u
la
te
d
ov
er
de
pt
h
ra
n
ge
s
of
30
0-
70
0k
m
(U
M
),
10
00
-1
60
0k
m
(M
M
)a
n
d
20
00
-2
60
0k
m
(L
M
).
114
4.6.1. Sub-hotspot anomalies
Slow shear wave mantle anomalies are observed under all of the tested forty hotspots.
From this total, twenty-six are associated with negative velocity anomalies that are
continuous across most of the mantle if a threshold of 0.6% in shear wave anomaly
amplitude (similar to that for the filtered plume models) is chosen (see table 4.1 and
4.2). These include Caroline, Cook, Easter, Foundation, the Galapagos andMarqueses
hotspots in the Pacific region, and, Afar, Amsterdam, Canaries, Kerguelen andMadeira
in the Indo-Atlantic region. Using a search radius of 1000km, viewed anomalies have
highly irregular vertically discontinuous or, in a few cases, for example Afar and Re-
union, strongly tilted shapes (Fig.4.8). As found by Davaille et al. (2005) and Ritsema
et al. (1999), many of the sub-hotspot anomalies seem to be rooted in or near one of
the broad low-shear-velocity anomalies (LLSVPs) beneath Africa and the Pacific (Figs.
A.12 to A.14). However, others seem unconnected; for example, Iceland and the west-
ern North-American hotspots.
In the upper mantle, the observed average amplitude of the slow shear-velocity
anomalies beneath hotspots varies significantly between less than -0.5% and -3.5%.
All hotspots except Cape Verde, Cameroon and Trindade, and San Fernandez have av-
erage transition-zone anomalies exceeding a resolution limit of -0.6%. (Fig. 4.10 ).
However, there is a clearly defined division of anomalies in both amplitude and width
between the Pacific and Indo-Atlantic regions (see Fig. 4.10).
In the Pacific, the majority of hotspots are underlain by anomalies that are stronger
and wider than those in the Indo-Atlantic region; the anomalies beneath most Pacific
hotspots range from -1.0 to -2.0% with widths between 1600 and 2200km (table 4.1),
whereas upper-mantle shear-velocity anomalies beneathmost Indo-Atlantic hotspots
are between -0.6 and -1.0%withwidths between 600 and 1200km (table 4.2). However,
allowing for the fact that the upper-mantle shear velocity beneath the Pacific Ocean is
0.2-0.3% lower than below other oceans, velocities relative to the Pacific background
are actually only about 0.5% lower than those in the Indo-Atlantic region. Addition-
ally, shear wave velocities anomalies may be preferentially better resolved in Pacific as
resolution is generally better than below the Indo-Atlantic region. The largest Pacific
anomalies (around -2.0%) are observed beneath Bowie/Cobb and Hawaii but anoma-
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lies beneath the Balleny hotspot, Yellowstone (/the Basin and Range province), the
Samoa/Puka-Puka and Tahiti/Cook hotspots are moderately strong (average ampli-
tudes exceeding 1.5%) (Fig. 4.9). Weaker upper mantle anomalies (<1.0%) are ob-
served beneath the Galapagos and Caroline hotspots.
In the Indo-Atlantic, anomalies can be arranged into two groups; one large group
(containing 17 of the 21 tested hotspots) centred around an amplitude of -1.2% and
a smaller group of anomalies centred around an amplitude of -3.0% (Fig. 4.10 and
4.9). Examples of the first group include Reunion (connecting to the Chagos/Maldives
ridge) and theNewAmsterdamhotspots, whereas Iceland, JanMayen and the two East
African hotspots (Afar andTanzania), withmaximumupper-mantle low shear-velocity
amplitudes exceeding 3% fall into the latter group (Fig. 4.9). Amplitudes observed for
the first group of -1.2 to -1.5% are broadly compatible with those expected for plumes
of diameters between 200 and 600 km (Fig 4.6). Examples of hotspots with such am-
plitudes are Amsterdam, Reunion and possibly the Comores.
Alongmost of the hotspot-depthprofiles (Fig. 4.9),maximumshear-velocity anomaly
amplitudes decrease with depth. A large proportion of the profiles show a large gra-
dient in amplitude between 0 and 300 km depth which is consistent with signatures
of the tested thermal plumes (compare Figs 4.2, 4.3 and 4.9). Below 300 km depth,
anomalies increase slightly with depth or remain constant. Mid-mantle (1000-1600km
depth) amplitudes span a narrow range between -1.25 and -0.5% (Fig. 4.10b). Such
amplitudes are broadly compatible with the range of anomalies predicted for a plume
with mid-mantle widths of 300 to 600km. As for the upper mantle, modal anoma-
lies in the Pacific are generally stronger (0.1-0.2%) than in the Indo-Atlantic region.
Again, this is likely an effect of improved resolution in the Pacific relative to the Indo-
Atlantic (Fig 4.9). Mid-mantle widths, in both the Pacific and Indo-Atlantic regions are
wider than those predicted for our synthetic plumes, however, width measurements
are likely to be biased by LLSVP material which extends upwards as far as 1200km
above the CMB in some regions. Indeed, below approximately 2000km depth it is al-
most certainly the case that a large proportion of the anomaly signature is comprised
of LLSVPmaterial (Fig. A.14. This has the effect of increasing the widths of the viewed
anomalies (Fig. 4.10a) and increasing the range of viewed amplitudes (Fig. 4.10b). As a
consequence, average anomaly values and widths in the Pacific and Indo-Atlantic are
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Figure 4.8.: Cross sections through the S40RTS shear wavemodel beneath the Afar and Reunion
hotspots
similar.
Of the 40 hotspots analysed, 15 are underlain by substantial lower-mantle anoma-
lies, with average amplitudes exceeding 0.8% (Indo-Atlantic) to 0.9% (Pacific). In the
Pacific, this includes Hawaii, Caroline, and the hotspots above the southwestern Pa-
cific LLSVP. In contrast, below the Australian or North-American hotspots, low ve-
locity amplitudes are generally below 0.6%. In the Atlantic/Indian Ocean region, the
East-African hotspots and Comores, the Canaries/Cape Verde and Crozet/Kerguelen
hotspots have lower mantle signatures exceeding 0.8% in amplitude. The most no-
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table absence of a continuous lower-mantle anomaly exceeding the 0.6% resolution
level is below the Iceland/Jan Mayen region.
As predicted by the thermal plume models, many of the shear-velocity anomalies
belowhotspots havewidths that are similar to theminimumhalf-wavelength of S40RTS,
implying that imaged features are small and their shape is poorly constrained. In the
upper mantle, there is a dichotomy in the width distribution (Fig. 4.10a). Most Indo-
Atlantic anomalies have widths between 600 and 1400 km, while most Pacific anoma-
lies have widths in the 1600-2000 km range. This difference may be related to the dif-
ferent background values and resolution between the regions. In the lowermantle, the
widths merge into a single population around a value of about 1000 km. Below 2000
km, the spread of widths increases again as some structures merge with the LLSVPs.
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Figure 4.9.: Amplitudes of S40RTS S-velocity anomalies beneath a selection of our 40 studied
hotspots
4.6.2. Thermal interpretation of uppermantle anomalies
Of the 40 hotspots selected in this study, three-quarters of the upper-mantle anoma-
lies are wider than expected for thermal plume tail signatures (º 700km) and a quarter
have amplitudes near or exceeding the expected upper bound for narrow tails (Fig.
118
04
8
12
Nu
m
be
r o
f h
ot
sp
ot
s
0 600 1200 1800 2400
Width (km)
ïNP
0
4
8
12
Nu
m
be
r o
f h
ot
sp
ot
s ïNP
0
4
8
12
Nu
m
be
r o
f h
ot
sp
ot
s ïNP
0
4
8
12
Nu
m
be
r o
f h
ot
sp
ot
s
0 600 1200 1800 2400
Width (km)
ïNP
0
4
8
12
Nu
m
be
r o
f h
ot
sp
ot
sïNP
0
4
8
12
Nu
m
be
r o
f h
ot
sp
ot
sïNP
Pacific           Indo-Atlantic
Models
Degree 40
Harmonic
Figure 4.10.:Histograms of depth-averaged widths of S40RTS S-velocity anomalies beneath the
40 studied hotspots of tables 4.1 and 4.2. Top panels are for transition zone depths, middle
panels for the mid-mantle and bottom ones for the lowermost mantle. Light grey regions mark
the widths and amplitudes of the synthetic plume P0s (input upper mantle widths = 50 to 300
km, lower mantle input width = 300 to 600 km. After resolution filtering, recovered widths are
close to the minimum degree-40 wavelength (dark grey regions).
4.10 and 4.11). Many hotspots, for example the Samoa, Pukka Pukka Society/Tahiti
and Cook hotspots, are clustered into broader anomalies (see Fig. A.14), whichmay be
similar in scale to excess residual sea-floor topography anomalies (Ito and van Keken,
2007).
Most of the tested hotspots have observed upper mantle anomalies of -0.6 to -2.3%.
Even taking into account the differences in resolution between the two studied re-
gions, the large transition zone amplitudes (> -3.0%) beneath both Iceland and East-
ern Africa stand out. If the anomalies are thermal in nature then, after correction for
the underestimate of ’actual’ anomaly amplitude (Fig. 4.6), the º 900 km width of the
anomaly below Iceland corresponds to an excess temperature of 350-550 K (using the
uncertainties shown in Fig. 4.2). This may be reduced by up to 100K if the S40RTS ref-
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Figure 4.11.: Histograms of amplitudes of S40RTS S-velocity anomalies beneath the 40 studied
hotspots of tables 4.1 and 4.2. Top panels are for transition zone depths, middle panels for the
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amplitudes of the synthetic plume P0s (input uppermantle widths = 50 to 300 km, lowermantle
input width = 300 to 600 km. Upper-mantle imaged amplitudes span a larger range than those
of the synthetic plumes, while in the lower mantle, amplitudes are in the thermally expected
range.
erence velocities correspond to a cooler reference temperature than a 1300ci r cC adia-
bat (Cobden et al., 2008). Even so, excess temperatures of 250-450K are higher than or
at the upper limit of estimates of excess temperatures beneath Iceland from petrology
(Kreutzmann et al., 2004) or regional studies (Allen and Tromp, 2005; Bjiwaard and
Spakman, 1999; Wolfe et al., 1997). If the S40RTS anomaly beneath Iceland were as-
sumed to be a laterally smeared representation of a 100-200 km diameter structure,
as imaged by regional tomography (e.g., Allen and Tromp 2005), excess temperatures
of thousands of degrees would be required (Fig. 4.6 and 4.2). To reconcile the narrow
width estimates of the Iceland anomaly from regional studies (Allen and Tromp, 2005;
Bjiwaard and Spakman, 1999; Wolfe et al., 1997) with smaller excess temperatures and
S40RTS structure, likely requires that the anomaly beneath Iceland is a large-scale (º
1000km wide) warm upper-mantle region with a central narrow hotter conduit of a
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few hundred kilometres radius.
A similar interpretation can bemade beneath a number of other hotspots with wide
upper mantle anomalies. For example, the Hawaiian hotspot is underlain by a -1.95%
anomaly with a total width of º1000 km. An inversion of this anomaly for tempera-
ture, using the same width-amplitude correction as for the Iceland hotspot (Fig. 4.6),
results in an upper mantle thermal anomaly of 220-350 K, or relative to the overall low
Pacific shear velocities in the upper mantle, an excess of 170-270 K. Assuming that
the wide anomaly seen in S40RTS results from smearing of a narrower (200-400 km
) structure, compatible with a recent regional experiment (Wolfe et al., 2009), means
that excess temperatureswould need to be a factor of 2.5-8 higher. Other strong upper-
mantle hotspot anomalies below the Pacific, e.g. Yellowstone and Cook, will yield sim-
ilar temperature estimates as Hawaii, when varying resolution with anomaly width is
accounted for.
4.6.3. Thermal interpretation of lowermantle anomalies
Plots of average width and amplitude of mid and lower mantle anomalies show that
quite a number of the tested hotspots are underlain by anomalies with magnitudes
and width compatible with synthetic thermal structures (Fig. 4.10 and 4.11). The ma-
jority of mid and lowermantle anomalies in both the Pacific and Indo-Atlantic regions
are bracketed by the predicted range of amplitudes from my synthetic plume struc-
tures, which, despite their narrowwidth compared to theminimumwavelength of the
tomographicmodel, are in principle resolvable. Taking Hawaii as an example of a typ-
ical lower-mantle anomaly (diameterº 1000 kmand amplitudeº -0.9%) and account-
ing for variable resolution, we can infer that thermal anomalies could be in the range
of +150 to +400K - similar to, or slightly higher than, those estimated in the Hawaiian
upper mantle.
Patchy lower-mantle low velocity anomalies below Iceland of -0.7 to 0.8% are similar
in amplitude to those observed beneathHawaii, albeit with a smaller width of 700 km.
Accounting for under-estimated anomaly amplitudes, these anomalies would corre-
spond to a maximum excess temperature of 150-450K. These temperatures are less or
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equal to those estimated for the upper-mantle anomalies, which seems inconsistent
with the temperatures predicted for a purely thermal whole mantle plume (Fig. 4.1).
Additionally, these are maximum obtained amplitudes which do not seem vertically
continuous throughout the Icelandic lower mantle (Fig. 1.4 and A.10).
In both regions viewed anomaly widths mostly exceed those of the plume mod-
els. However, observed widths are likely to be biased by LLSVP material which may
extend upwards throughout the mantle or by spatial clustering of the plumes which
may form small plume ’provinces’. Additionally, none of the plume models tested in
this paper include pressure dependent viscosity, which is expected to produce some
additional plume widening with depth. (e.g., Goes et al. 2004), or compositional ef-
fects which may result in more complex plume morphologies (Farnetani and Samuel,
2005). These two effects, and in particular the influence of composition on plume
widths, may go some way towards reconciling observed widths with those predicted
for dynamic mantle plumes.
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4.7. Discussion
Observed anomalies beneath the set of studied hotspots are difficult to reconcile with
the expected signature of a purely thermal whole mantle plume. In many cases the
uppermantle anomalies are broad, exceeding 1000km inwidth (Fig. 4.10), and strong,
with amplitudes exceeding -1.5% (Fig.4.11). Structures of this size and strength are
most compatible with a broad anomaly structure with a moderate thermal anomaly-
such as a plume head. However, the existence of a plume head beneath hotspots at
present day is difficult to reconcile with surface observations of extended volcanism
over periods of tens of millions of years (see section 1.1). Upper mantle plume tails
with smaller conduits (100-200km wide) may be represented as broader structures in
S40RTS due to the smearing effect of model parameterisation. However, to produce
anomalies of the order of -3.0% (as observed beneath Iceland and East Africa) requires
that these plumes have excess temperatures greater than 1000K. This seems at odds
with bothpetrological estimates of uppermantle excess temperatures at hotspots (Herzberg
et al., 2007) and excess temperatures inferred from regional seismic studies (Wolfe
et al., 1997; Allen and Tromp, 2005).
It is possible that such broad structures are actually pulses of material which de-
velop for thermochemical plumes where there is entrainment of a dense chemical
component (Lin and van Keken, 2006a,b; Samuel and Bercovici, 2006). Such pulses
maydisplay complex timedependent geometrieswith secondary heads centred around
a hot narrow ’tail’ or ’stem’ (Lin and van Keken, 2006a,b; Samuel and Bercovici, 2006).
Tomographicmodels may image the wider pulse and render the plume stem invisible,
while regional seismic studies (e.g., Allen and Tromp 2005; Wolfe et al. 2009), can pro-
vide images of the narrow hot core. When the broad pulse structures reach the sub-
surface they will provide buoyant support for shallow topography over large spatial
regions- a feature that is supported by ocean bathymetry (Ito and van Keken, 2007).
In order to restrict melt generation to the narrow region of the plume core, temper-
atures in the plume pulse need to be lower than the mantle solidus, and lower than
those within the plumes core. Our resolution tests indicate that in order to resolve
a low velocity anomaly beneath the hotspot, a significant portion of the plume pulse
and tail should be seismically slow (Fig. 4.7). As both the MORB rich and IRC rich
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plume have slow shear wave velocity anomalies after filtering, despite differences in
the uppermantle input seismic structure and as both compositionsmay be 2.0 to 3.0%
denser than pyrolite in the lower mantle (Fig. 2.10), entrainment of a component of
either of these compositions could induce non-steady behaviour.
Within the uncertainties, it is also plausible that other hotspots with broad strong
uppermantle anomalies (e.g. Reunion andHawaii, see Fig. 4.9)may incorporate some
element of compositional heterogeneity. However, this it is not required to keep in-
ferred excess temperatures within a reasonable range.
In the lowermantle themajority of hotspot anomalies are compatible with the pres-
ence of around 1000 km-wide thermal plume tails with excess temperatures of up to
+500 K. Thermochemical MORB rich plume tails may be hotter than this, as part of
the thermal seismic signature can be hidden by the effect of the basaltic composition
on seismic velocities. Conversely, as inclusion of an iron rich component in the plume
tail increases the seismic anomaly, iron rich plume tails underlying hotspots should
be cooler than for the purely thermal case.
In most cases the imaged low-velocity structures are complex displaying tilting or
patchy seismic signatures in depth. These imaged structures are inconsistent with
the relatively straight and continuous seismic anomalies that are predicted for most
thermal-plume models. This may indicate that a dense chemical component and
large-scale mantle flow (e.g. shearing in the ’mantle wind’) may influence their dy-
namics. However, as widths of the observed anomalies are near the minimum resolv-
able wavelength for S40RTS (and indeed most other global tomographic models), in-
terpretation must be viewed as tentative. The displayed variability in shape is a likely
source of ambiguity and differences in interpretation of lower-mantle plume signa-
tures (Bjiwaard and Spakman, 1999; Ritsema and Allen, 2003; Zhao, 2004; Davaille
et al., 2005; Bijwaard et al., 1998; Boschi et al., 2007; Li et al., 2008) as different min-
imum amplitude or straightness search criteria results in differing identification of
potential plume structures.
Visual inspection of cross-sections and maps of S40RTS (see Figs. 4.8 and A.12 to
A.14) indicate that the anomalies underlyingmany hotspots are tilted towards the two
LLSVPs. In order to determine if this apparent tilting is an artefact of seismic resolu-
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Figure 4.12.: Structure (top) after parameterisation and (bottom) after filtering, of an upper
mantle only cylinder beneath the Reunion hotspot along the same cross-section as in Fig.4.8. In
this case a cylinder with a maximum axial amplitude of -2.5% and radius of 250km is input
in the upper 1000km of the mantle beneath Reunion. Between 1600km and 2900km depth I
include the degree 1-6 structure from S40RTS, which is scaled in amplitude before undergoing
filtering.
tion, and if vertical conduitsmay be imaged as tilted structures I perform a simple test;
a cylinder with a maximum axial amplitude of -2.5% and radius of 250km is input in
the upper mantle beneath every hotspot in the list of Sleep (1990). Between 1600km
and 2900km depth I include the degree 1 to 6 structure from S40RTS, which is scaled
in amplitude, before performing parameterization and filtering.
For cylinders with realistic widths and amplitudes, isolated upper mantle features
are not smeared into/onto the LLSVPs unless the top of the LLSVP and bottom of the
conduit are at the same depth (see Fig. 4.12). This would seem to indicate that where
a continuous whole mantle signature is observed beneath a hotspot, that the source
must be quite deep; either within or on top of the LLSVPs. Additionally, vertical con-
duits are not tilted, retaining their vertical expression after filtering. Where significant
tilting is seen in S40RTS this must therefore be representative of a more complicated
structure. For plumes that originate either within the LLSVPs or at the CMB, the com-
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Figure 4.13.: Structure (top) after parameterisation and (bottom) after filtering, of awholeman-
tle cylinder beneath the Reunion hotspot along the same cross-section as in Fig.4.8 .In this case
a cylinder that covers the whole mantle depth range with a maximum axial amplitude of -1.8%
and radius of 250km is placed beneath Reunion. Between 1600km and 2900km depth I include
the degree 1-6 structure from S40RTS, as in Fig. 4.12.
bined effect of poor resolution in the lower mantle and horizontal smearing of the
LLSVP signature, means that the lower mantle plume conduit is; (1) indistinguishable
from the LLSVPmaterial around it, and, (2) reduced in amplitude so significantly, that
it may be effectively ’hidden’ (see Fig. 4.13).
Finally, there has been substantial discussion aboutwhether ray-theoretical approx-
imations are sufficient to represent the effects of wave propagation in narrow low-
velocity features such as plumes, especially in the lowermantle. Althoughmodels that
have been derived using finite-frequency and ray-theoretical approaches have largely
mapped comparable structures (Fig. 1.4), morework is clearly necessary to assess how
big the effect of diffraction out of low-velocity conduits may be on recorded seismic
signals.
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4.8. Conclusions
• Purely thermal plumes have been extensively modelled in both laboratory and
dynamic studies under a range of conditions. Produced structures are relatively
cylindrical and either straight or smoothly tilted in shape. The predicted seismic
structure for such a plume is narrow in the shallow upper mantle ( tens to a
few hundred km wide) and for a potential temperature excess of 375K results
in negative shear-velocity anomalies of -4.0 to -8.0%. Seismic anomalies decay
rapidly with depth in the upper 300km of the mantle, before following a gradual
decrease in amplitude with depth to -1.5 to -3.0 % by the base of the mantle,
while the width of the plume increases to several hundred km.
• After applying an S40RTS resolution filter, anomalies associated with < 200 km
wide upper-mantle plume tails are subdued to 5-10% of their input strength,
and hard to resolve, while lowermantle anomalies ofª 600 kmwidth are viewed
at amplitudes 50 to 80% of their input.
• Analysis of the character of S40RTS anomaly structure beneath a group of 40
hotspots suggests that at least 20 hotspots are underlain by continuous slow
shear wave velocity anomalies with an average strength of -0.6% or above and
about a quarter by anomalies averaging -0.8% or more. Anomalies of this size
and amplitude are compatiblewith excessmantle temperatures of +150 to +450K,
but , as the width of these anomalies approaches the minimum parameterisa-
tion wavelength of S40RTS, any interpretation should be treated with caution.
• Most of the hotspots with convincing lower-mantle anomalies seem to root in
or near the two LLSVPs, and almost all are substantially more erratic in shape
than models predict for thermal plumes. Simple cylinder tests with the resolu-
tion filter of S40RTS suggest that viewed significant tilting is representative of a
more complicated structure and cannot be easily explained by upwards smear-
ing of the LLSVP seismic signature. Complex morphologies, as seen in S40RTS,
are thereforemore consistent with dynamicmodels of thermo-chemical plumes
but only amild seismic signature of composition canbe accommodatedby viewed
S40RTS anomaly amplitudes.
• Thehotspotswhichdonot showa convincing continuouswholemantle anomaly
may still be underlain by a lower-mantle tail, but it would need to be either thin
or weak in temperature contrast.
• Thirty six of the of the forty hotspots investigated are underlain by upper-mantle
low-velocity zones. A few of these mainly exhibit a signature above 300 km but
the presence of a narrow plume conduit cannot be ruled out in these cases. A
number of hotspots, including Iceland, the East-African hotspots in Afar and
Tanzania, Hawaii, Samoa, and the Cobb/Bowie pair have anomalously strong
and broad upper-mantle anomalies that are difficult to reconcile with a ther-
mal plume tail. Possibly these are an expression of a pulse in a thermochemical
plume.
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5.1. Summary
As well as global seismic imaging of plumes using seismic tomography, a number of
authors have also looked for evidence of mantle plumes by studying the local transi-
tion zone structure beneath hotspots. However, to date, few studies take into account
both the potential effects of temperature and major element chemistry on the depth
and complexity of the ’410’ and ’660’ discontinuitieswhen interpreting transition zone
structure, and none have considered the large uncertainties attached to sensitivity of
transition depths, thicknesses and complexity to temperature and composition. In the
following chapter I therefore present a set of forwardmodelled synthetic uppermantle
seismic velocity profiles for a number of thermal and thermochemical plume scenar-
ios including published constraints on the effect of temperature and composition on
phase transition depths and structure from high pressure mineralogical experiments.
I determine that transition zone thinning of 18-25km, as observed beneath a num-
ber of hotspots (e.g. Iceland, Hawaii, Baja, Bowie, Kerguelen and the Galapagos), is
consistent with the existence of a sub-hotspot purely thermal plume with excess sur-
face temperatures less than 250±C. However, a change in trend of transition zone thin-
ning at higher excess temperatures, combined with large uncertainties in the experi-
mentally determined Clapeyron slopes of olivine based phase transitions and the ef-
fect of composition on the ’410’ transitionmeans that interpretation of transition zone
thickness for temperature is not as straightforward as often assumed. Nevertheless,
separate analysis of the’410’ and ’660’ topography can resolve this ambiguity and help
to separate thermal and thermochemical anomalies. For example, at low excess tem-
peratures, an iron rich plumemay show both an elevated ’410’ and ’660’ and the tran-
sition zone may either be thinned or thickened within mineral physics uncertainties.
Hotspots such asHawaii andCrozetmay be therefore be examples of low temperature,
iron rich thermochemical plumes.
Analysis of the impedance contrast, complexity and width of individual transitions
for a number of thermochemical scenarios suggests that it may be possible to distin-
guish between compositions by considering the relative visibility and character of the
’410’ and ’660’ arrivals in seismic studies; harzburgitic plumes show a greater visibility
in both long and short period data than a thermal plume of the same magnitude and
an iron rich plume has decreased visibility. Although further work on synthetic seis-
mic arrivals for a range of thermochemical structures and data periods is required to
quantify the possible effects on viewed precursor or receiver function amplitudes, my
analysis shows that the effect of temperature and major element chemistry on com-
plexity and impedance contrasts of the ’410’ and ’660’ transitions has the potential to
explain variability in the character of observed seismic arrivals throughout themantle.
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5.2. Motivation
In the previous chapter I focused on the challenges in observing thermal and thermo-
chemical plumes in tomographic images of the Earth’smantle. Many of the hotspots in
the list of Ito and Van Keken (2007) are underlain by seismic velocity anomalies, which
are a similar magnitude to that of our synthetic plume images, but have substantially
more complex and tilted morphologies. Narrow plume conduits are represented at
the wavelength of the chosen tomographicmodel and amplitudes are likely to be sub-
stantially reduced as a result- rendering such signatures indistinguishable from other
lower mantle structure. This makes interpretation of lower mantle structure beneath
hotspots difficult. As such, in order to distinguish between possible plume related
hotspots and other types of mantle anomalies, it is desirable that tomographic images
of plumes are combined with other types of seismic or geophysical data.
In the absence of a dense local seismic network directly over a hotspot location, the
width of the mantle transition zone (constrained by the depth of the 410 and 660 seis-
mic discontinuities)- determined fromprecursor or receiver function data- is often in-
voked as a useful indication of mantle temperature. Assuming that the ’410’ and ’660’
seismic discontinuities correspond to the phase transitions of olivine (Helffrich, 2000;
Shearer, 2000) then assuming a vertically coherent hot thermal anomaly underlies a
hotspot, the Clapeyron slopes of the transitions predict that the 410 will be depressed
and the 660 elevated- creating a thinned transition zone.
While many local seismic studies of the transition zone beneath hotspots- such as
Benoit et al. (2006) (Ethiopia), Niu et al. (2002)(Society) and Li et al. (2000)(Hawaii)-
observe ’410’ and ’660’ depths that are compatible with this anti-correlation, other
studies, such as the Yellowstone study of Fee and Dueker (2004) and the Iceland study
of Shen et al. (2002), do not observe spatially correlated patterns of discontinuity to-
pography. Although, in the case of Shen et al., a thinned mantle transition zone is
viewed ª 100km south of the tomographic anomaly beneath Iceland, which may be
consistent with tilting of the upper mantle part of a plume conduit.
Although transition zone thickness is the most robust measurement of transition
zone structure from precursor or receiver function data, complexity and visibility of
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the individual arrivals may also be useful proxies for variations inmantle temperature
and composition. For example, while, in general, sharp, ’first order’ discontinuities are
visible in precursor data at their full amplitude, ’second-order’ transitions (gradients)
may be invisible at widths larger than 1/4 of the sampling wavelength (Shearer, 2000).
Visibility of the individual transitions is therefore tied to the width of individual transi-
tions, which is related tomantle temperature and composition. It is therefore essential
to know whether the absence of visible precursor arrivals under hotspot locations- as
for the absence of short period P’410P’ arrivals beneath Eastern Africa (Benoit et al.,
2006, Day and Deuss, personal communication)- may be explained by the presence of
a thermal or thermochemical plume conduit in the upper mantle.
Receiver function datamay also display complex arrivals for both the ’410’ and ’660’.
Double peaks- as viewed beneath hotspots such as Iceland, Lord Howe and Louisville
in the study of Deuss (2007) -may be produced by a sharp velocity discontinuity un-
derlain by a seismic velocity gradient (Deuss, 2009), but forward models of transition
complexity for thermal and thermochemical scenarios are required in order to relate
viewed complexities to underlying mantle heterogeneities.
In the following chapter I investigate the effect of thermal and thermochemical
plumes on the anticipated transition zone structure by forwardmodelling upperman-
tle seismic velocity profiles for a range of thermal and compositional scenarios. Al-
though previous studies have looked in some detail at forward modelling upper man-
tle seismic velocities (Cammarano et al., 2003; Cobden et al., 2008; Xu et al., 2008)
my approach is unique in considering the uncertainties attached to experimentally
determined elastic parameters, published and calculated phase diagrams and the ef-
fect of temperature and composition on phase transition depths and structure by in-
clusion of a range of published constraints from high pressure mineralogical experi-
ments. Analysis of the expected transition zone structure for both thermal and ther-
mochemical plumes as well as the uncertainties attached to calculated upper man-
tle seismic discontinuities allows me to comment on the suitability of transition zone
width and/or topography of the 410 and 660 discontinuities as a proxy formantle tem-
perature. I then compare the observed transition zone thickness beneath a number
of hotspot locations with my synthetic transition zone scenarios to analyse the likely
character of hotspot related mantle heterogeneity. Lastly, I analyse the nature of com-
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plexity of forward modelled 410 and 660 discontinuities and comment on the poten-
tial of thermochemical upper mantle anomalies to reconcile varying observations of
observed discontinuities beneath hotspots.
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5.3. Methodology
In the following sections, I define the depth of a phase transition as the beginning
of the phase transition loop (Depth XlowVphase=1, Depth XhighVphase=0) and width
of a phase transition as the distance, in depth, between the beginning and end of
the phase transition loop (Depth (XhighVphase=1) - Depth (XhighVphase=0) ) (see Fig.
5.1). For ease, the olivine to wadsleyite transition is termed the ’410’, the wadsleyite to
ringwoodite transition the ’520’ and the ringwoodite to perovskite transition the ’660’.
Transition zone thickness is defined as the difference in depth (or pressure) between
the ’410’ and ’660’ discontinuities.
I follow the approachoutlined in section 2.1 to calculate seismic velocity and impedance
profiles throughout the transition zone for a number of different adiabatic thermal
profiles (with potential temperatures ranging from 1200±C to 1600±C) and bulk com-
positions (pyrolite, harzburgite, MORB and IRC) with the Stx08 database (see Fig. 5.2).
As a simple first assumption, when discussing variations in transition zone structure I
assume that the averagemantle canbewell represented by adiabatic pyrolite (TPOT=1300±C),
however the actual average thermochemical structure of the mantle may be more
complex (see chapter three for further discussion).
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Figure 5.1.:Nomenclature of transition depth and width as used in this study
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While the predicted velocity profiles (Fig. 5.2) give a first indication of the effects
of temperature and chemistry on transition zone structure, experimental uncertain-
ties in determined Clapeyron slopes (for both the beginning and end of phase tran-
sition loops) are large and testing with an individual database does not capture this
information. To account for this I include in my analysis published Clapeyron slopes
of the olivine based phase transitions from high pressure experiments as included in
Table.5.1.
Study Cl410 Cl520 Cl660 Cl660
(Æ ! Ø) (Ø ! ∞) (∞ ! pv+pc) (∞ ! pv +pc)
T<1700±C T>1700±C
Chopelas (1991) 2.7 – – –
Fei et al. (2004) – – -1.3 –
Hirose (2002) – – -2.8 1.3
Inoue et al. (2006) – 4.1 – –
Irifune and Isshiki (1998) – – -2.5 –
Ito and Takahashi (1989) – – -2.8 –
Katsura and Ito (1989) 2.5 4.4 – –
Katsura et al. (2004) 4 – -2 (-0.4) –
Litasov et al. (2005) – – -0.5 –
Morishima et al. (1994) 3.6 – – –
Price et al. (1987) 2.7 4.5 – –
Suzuki et al. (2000) – 6.9 – –
Watanabe (1982) 4.1 ±0.7 – – –
Zhang and Herzberg (1994) 3.3 (2.5) 5.0 (3.7) -3.0 –
Table 5.1.: Clapeyron slopes of olivine based phase transitions from high pressure experiments.
As compiled by (Wentzcovitch et al., 2010) and further supplemented with a number of studies.
Where Clapeyron slopes for both the beginning and end of each transition are included, the basal
Clapeyron slope is included in brackets. The investigated range of Cl slopes for each transition
(as included in this study) are: Cl440=2.5 to 4.1, Cl520=4.1 to 6.9, Cl660=-1.3 to -3.0
To investigate the effect of temperature onwidth of the transitions I include Clapey-
ron slopes for both the beginning and end of each phase transition where available.
Experimental data on the effect of iron content on the depth and width of the ’410’
and ’520’ transitions is also considered and is taken from Irifune and Isshiki (1998),
Helffrich andWood (1996), Frost (2003), Collier et al. (2001) and Akaogi et al. (1989).
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5.4. Sensitivity of transition zone characteristics to
temperature and composition
5.4.1. Transition topography
Figures 5.3a,c and e show the range of transition topography that might be produced
by published Clapeyron slopes for the ’410’, ’520’ and ’660’ olivine based phase tran-
sitions of a pyrolitic composition. For a low excess temperature anomaly (T<1700±C),
as anticipated, the ’410’ and ’520’ are depressed and the ’660’ elevated; for example,
for a dT of +250K the ’410’ is depressed by 17 to 28km, the ’520’ by 26 to 44km and the
’660’ elevated by between 8 and 19km. At higher excess temperatures the ringwoodite
stability field is suppressed such that there will be no ’520’ and the Clapeyron slope
of the ’660’ changes sign as the dominant phase transition changes from ringwoodite
to perovskite, to garnet to perovskite. This means that for an excess temperature of
+300K the ’660’ is depressed by approximately 13km, rather than elevated.
However, despite the seemingly simple relationship between temperature anddepth
of the ’410’, ’520’ and ’660’ discontinuities it is not always straightforward to invert
variations in discontinuity topography for temperature as Cl410 and Cl520 may also be
affected by changes in iron content relative to the average mantle composition (Fig.
5.3b,d). In general, an increase in iron content will elevate the ’410’ and ’520’ (Irifune
and Isshiki, 1998; Helffrich and Wood, 1996; Frost, 2003; Collier et al., 2001; Akaogi
et al., 1989). For the tested IRC composition, this effect may be significant- the ’410’
is elevated by 18km to 35km, and the ’520’ by 68km to 79km. However, for the tested
harzburgite composition (which is less iron rich), the effect is minor- the ’410’ is de-
pressed by 2 to 4km, and the ’520’ by 7 to 8 km. In contrast, variations in iron content
over the range of my tested compositions have little effect on the depth of the ring-
pv ’660’ transition (Ito and Takahashi, 1989). Variations in aluminium content of the
mantle may control the depth and width of the garnet stability field around 660km
depth (Hirose, 2002) - for a harzburgite the garnet transition may be elevated by up to
5km, and, for the IRC composition the garnet transition is depressed by 3km - but this
will not effect the ’660’ topography.
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Figure 5.3.: Topography of the ’410’, ’520’ and ’660’ seismic discontinuities as a function of (a,c,e)
temperature and (b,d) iron content. Uncertainties in experimentally determined Clapeyron
slopes are shown as a green shaded region and transition topography for the Stx08 database
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5.4.2. Transition zone thickness
In regions with low excess temperature anomalies (dT < 250K, relative to an adiabat
with TPOT=1300±C), the net effect of a depressed ’410’ and elevated ’660’ is to create
a thinned transition zone (Fig. 5.2). For example, using the Stx08 database and a py-
rolitic composition, transition zone thinning of between 0.08km/K and 0.16km/K oc-
curs; a maximum thinning of 25km to 47km for dT=+250K. For a harzburgitic mantle
thinning is between 0.09 and 0.18km/K, and for an IRC mantle, thinning is between
0.07km/K and 0.20km/K.
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At higher temperatures (dT > 250K, or absolute temperature > 2090K), the change
in sign of Cl660 from negative to positive (Weidner and Wang, 1998; Hirose, 2002; Fei
et al., 2004) reduces the overall transition zone thinning to between 0.02km/K and
0.07km/K. This means that 25km to 47km of thinning could be produced by a thermal
anomaly with dT=+250K, or, a higher temperature anomaly with dT=+800K.
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5.4.3. Transition widths
For adiabatic pyrolite with a potential temperature of 1300±C, the calculated ’410’
olivine to wadsleyite transition is gradual and approximately 18 km wide (see Fig.
5.2c). A sharper ’410’ may be expected at higher temperatures (as in section 5.4) (Fig.
5.5a); for example, an excess temperature of +250K will result in sharpening of the
’410’ transition by 5 to 23km (dZWid th=0.02km/K to 0.09km/K). However, this effect is
poorly constrained by the experimental data and so is to be treatedwith some caution.
Slight sharpening of the ’410’ achieved by an increase or decrease in iron content of
the mantle is well constrained by high pressure experimental data (Akaogi et al., 1989;
Irifune and Isshiki, 1998; Helffrich and Wood, 1996; Frost, 2003; Collier et al., 2001)
(see Fig. 5.5b); for the tested harzburgite, a thinning of approximately 1km, relative to
a pyrolite ’410’, is expected and for the tested IRC, approximately 1km of thinningmay
occur. In the IRC case a ringwoodite stability field 20 to 38km wide may form above
the ’410’, making the overall transition region around 410km depth between 29 and
47km wide.
A number of studies (e.g Bercovici and Karato 2003; Frost and Dolejs 2007) suggest
that water may also have a significant effect on the depth and thickness of the olivine
to wadsleyite transition- as wadsleyite has a strong capacity to accommodate hydroxyl
(OH°) in its structure this will result in a preference for wadsleyite over olivine at equi-
librium in a saturated mantle. However, experimental work by Bercovici and Karato
(2003) indicates that at T=1600±C, negligible widening associatedwith highwater con-
tent occurs, suggesting that the effect of water at plume type temperatures may be
ignored.
The calculated ’520’wadsleyite to ringwoodite transition for a pyrolite at TPOT=1300±C
is also very gradual (30km wide) and as for the ’410’, experimental constraints in-
dicate that an increase in mantle temperature will reduce the transition width (Fig.
5.5c). For example, an excess temperature of +250K sharpens the ’520’ by 5 to 8km
(dZWid th=0.02km/K to 0.03km/K). As for the ’410’, the transition width may also be
controlled by changes in iron content of the mantle; a decrease in iron content results
in a sharpened ’520’ and an increase in iron content will widen the ’520’ (Fig. 5.5d);
for the tested harzburgite composition, the ’520’ is thinned by 2 to 4km relative to a
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pyrolite, and for the tested IRC composition the ’520’ may be 22 to 41km wider.
Unlike the ’410’ and ’520’ transitions, the calculated ’660’ ringwoodite to perovskite
transition for a pyrolite composition at TPOT=1300±C with the Stx08 database is sharp
(4km wide) and, as for the ’410’ and ’520’, may be thinner at high temperatures (see
Fig. 5.5e); dZWid th=0.0025km/K to 0.04km/K, or for dT=+ 250K the transition may
be sharpened by 1 to 10km. However, at high temperatures (T> 1700±C) the garnet
to perovskite and ringwoodite to perovskite transitions may occur at around the same
depth (Hirose, 2002), creating a broad transition (25kmat TPOT =1600±C, see Fig. 5.2d).
Our calculated database suggests that there is a negligible effect of temperature on the
transition width at temperatures greater than or equal to this.
Just as iron content has no effect on ’660’ topography over the range of tested com-
positions, there is little evidence to suggest that it has an effect on the width of the 660
transition. The proportion of aluminium present in the mantle has a significant effect
on the width of the garnet-majorite field that underlies the ’660’ (Hirose, 2002) (Fig.
5.5f), broadening the velocity gradient that underlies the ’660’ at high iron contents;
for example, for the IRC composition, the increase in aluminium content relative to a
pyrolite may widen the garnet majorite field by as much as 13km, whereas, the same
field may be narrowed by up to 30km for a harzburgite.
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Figure 5.5.: Change in phase transition width of olivine bearing minerals around 410 and
660km depth as a function of (a,c,e) temperature and (b,d) iron content. Uncertainties in ex-
perimentally determined Clapeyron slopes are shown as a green shaded region and the change
in width of each transition for the Stx08 database is shown as a dashed grey line.
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5.4.4. Transition complexity
At TPOT=1300±C to 1600±C, the ’410’ and ’520’ transitions are simple for a pyrolite,
harzburgite and a mechanical mixture of 18% MORB - 82% harzburgite (see Fig. 5.2c
and d). However, for a more iron rich composition, such as the tested IRC, the ob-
served ’410’ may be much more complex. In this case the ’520’ may be elevated by
up to 79km (Fig. 5.3d) and thickened by up to 41km (Fig. 5.5d). The ’410’ and ’520’
are therefore no longer distinct transitions, and a more complicated region of phase
transitions occurs, extending from the olivine to wadsleyite transition at 350km depth
to the end of the wadsleyite to ringwoodite transition at approximately 490km depth.
At TPOT=1300±C the ’660’ is complex for all tested compositions- comprising of a
sharp ringwoodite to perovskite transition underlain by a gradual transition from gar-
net to perovskite (see Fig. 5.2c and 5.6). At TPOT=1600±C the ’660’ transition for a
pyrolite is broad ( 30km wide) as the ringwoodite to perovskite and garnet to per-
ovskite transitions occur at the same depth, but the mechanical mixture retains a
sharp discontinuity underlain by a 30km wide gradient (ending at 680km) due to the
garnet phase transition in the harzburgite component of the composition, and a fur-
ther change in gradient at 730kmdepthwhich is introducedby transitions in theMORB
compositional component.
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5.4.5. Impedance contrasts
Calculated impedance contrasts for both ’410’ and ’660’ showa clear trendof increased
P, S and bulk soundwave impedancewith decreasing iron content (Xu et al., 2008) (Fig.
5.7a-d).
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Figure 5.7.: (a,b) P vs. S wave, and (c,d) S wave vs.bulk soundwave impedance at ’410’ and ’660’
for Pyrolite, harzburgite and IRC at TPOT=1300±C, TPOT= 1500±C and TPOT=1600±C
At 410km depth, increasing the temperature of the mantle results in decreased P,
S and bulk sound wave impedance for all compositions.This effect is largest for a
harzburgite 1 and lowest for a pyrolite (Fig. 5.7a, c). In spite of the large sensitivity
of impedance to temperature for a harzburgite, a harzburgite with TPOT= 1600±C will
still have a larger P and Swave impedance than a pyrolite with TPOT= 1300±C at 410km.
At 660kmdepth, both pyrolite and harzburgite follow the same pattern of decreased
P, S and bulk sound wave impedance with increased temperature, however the IRC
composition shows little sensitivity of P-wave velocities to temperature and so P wave
1P and S wave velocities for a harzburgite are more sensitive to changes in temperature at 410km depth
than for a pyrolite.
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impedances remain similar at 1300±C and 1600±C. (Fig. 5.7b,d)
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5.5. Synthetic plume discontinuity structure
Low temperature purely thermal pyrolitic plumes, with a maximum excess tempera-
ture of less than +250K (e.g Fig5.8d), will display a depressed ’410’ and an elevated ’660’
with a net transition zone thinning of 25 to 47km, relative to the ambient (TPOT=1300±C)
mantle. A harzburgitic thermochemical plumewith the same excess temperaturemay
display transition zone thinning of 27 to 51km (Fig 5.8e), relative to the pyrolitic ref-
erence, an additional thinning of 2 to 4km. In both of these cases, we expect to see a
depressed 410 and elevated 660.
By contrast, the transition zone structure of an iron rich plume (e.g the IRC com-
position) with the same amplitude temperature anomaly may be more complex. Al-
though the ’660’ is elevated by 8 to 19km (as for the thermal case) thermal and com-
positional effects on the ’410’ oppose each other- within published uncertainties, the
’410’ may either be elevated by up to 8km, or depressed by up to 10km (Fig. 5.8f). The
transition zone may therefore be thinned by up to 29km or thickened by up to 10km.
The simultaneous elevation of the 410 and 660 may only be achieved by both iron en-
richment and reasonable excess temperatures (dT< +255K) (compare Fig 5.8b,c,d,e,f)
and is therefore a unique indicator of iron rich thermochemical mantle heterogeneity.
High temperature purely thermal plumes (dT>+250K, relative to adiabatic pyrolite
with TPOT=1300±C) are distinguishable from lower temperature thermal and thermo-
chemical plumes as both the ’410’ and the ’660’ will be depressed (see Fig. 5.3) leading
to a smaller amplitude thinning of the transition zone. However, this effect alsomeans
that a similar amount of transition zone thinningmay be observed for plumeswith dif-
ferent excess temperatures; for example, using the range of Clapeyron slopes as in Fig.
5.5, transition zone thinning of 25-47kmmay be produced by a plume with dT=+250K
and also for a plume of dT +800K.
At high temperatures, a harzburgitic thermochemical plume may show a thinned
transition zone, but an iron rich (IRC) plume may have a wider transition zone than a
pyrolitic mantle at ambient conditions (TPOT =1300±C). Ignoring the transition depths
and assuming an average thinning of 0.12km/K, this transition zone thickening could
be interpreted as a dT of -15K to -250K. In this case, the transition depths (both the 410
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Figure 5.8.: Schematic representation of transition zone structure at (a,b,c) dT=0K, (d,e,f)
dT=+255K and (g,h,i) dT=+300K for thermal and thermochemical plumes
and 660 are depressed) are indicative of a high temperature anomaly and it is therefore
important that transition depths and transition zone widths are considered together,
and not separately, in order to distinguish between high and low temperature anoma-
lies.
While we may predict the transition zone structure for a number of thermal and
thermochemical scenarios, the effect of mantle plumes on transition zone character-
istics is likely to be complicated by the effects of both latent heat (Fig. 5.2b) and by
mantle dynamics( Fig. 5.9). For example, as shown in Fig. 5.9a, although two plumes
(e.g. P0s and P2s) may have the same excess potential temperature, dT at 410km and
660km depth will be (1) different to the surface value, due to an adiabatic increase in
temperature with depth, and (2) different between plumes due to varying dynamics
and/or time dependent behaviour. Although latent heat effects may partially balance
out the dynamic thermal effects, these temperature variations may still remain large
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enough, depending on Clapeyron slope of the transition, to induce variations in tran-
sition depthwhichmay lead to somemisinterpretation of the transition zone structure
(Fig. 5.9b).
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For a pyrolite, at TPOT=1300±C, the ’410’ (18km in width) should be resolvable by
seismic data with aminimumperiod of 8s in VP and 15s in VS- compatible with typical
long period PP and SS studies, although unlikely to be seen by short period studies
(frequencies of typically 1Hz) (see table A.1)- the 30kmwide ’520’ by data with periods
larger than 12.5s in VP and 23.5s in VS and the sharp ’660’ (4kmwide) should be visible
for all studies with minimum periods of 1.6s in VP and 3.08s in VS.
For a low temperature (dT < 250K) thermal plume, each transition is expected to
be thinner than at ambient mantle temperatures (see Fig. 4.10), but with a reduced
amplitude jump in impedance. For example, a plumewith dT of +250Kwill have a 5 to
23km thinner ’410’, a 5 to 8km thinner ’520’ and a ’660’ that is narrower by 1 to 10km.
In this case then, within the published uncertainties, it is possible to obtain a very
sharp ’410’ and ’660’ which would both be visible in short period data. However, for
a hot plume (dT > +250K), the ’660’ is actually likely to be broad (around 25km wide
for our tested database) as the sharp ringwoodite to perovskite and gradual garnet
to perovskite transitions occur at a similar depth. To resolve such a feature requires
a minimum period of 10s in VP and 19.2s in VS. A purely thermal plume with high
excess temperatures may therefore display a sharp ’410’ in short period studies, but
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no visible ’660’.
A thermochemical plumewith a harzburgitic componentwill display a stronger am-
plitude ’410’ and ’660’ arrival (or reflection) than a thermal plume with a similar tem-
perature contrast as the impedance contrast at each transition is higher (see 5.7a,b). A
harzburgite rich plume will also show a 1km thinner ’410’ and a 2-4km thinner ’520’,
as well as a 30km thinnermajorite phase region. In contrast, a thermochemical plume
with an iron rich (IRC) component has lower impedance contrasts at ’410’ and ’660’
relative to both to ambient pyrolitic mantle and a harzburgitic plume (see 5.7a,b),
making it less visible in both precursor data and receiver function data. In addition,
the ’520’ may be much broader- for dT=+250K the 520 is 52km to 55km wide and the
majorite field beneath 660km as much as 13km thicker. At high excess temperatures
(>250K), the combined effect of the switch in Cl660 of the ringwoodite to perovskite
transition and the thickening of the majorite field could cause a broad discontinuity
of up to 38km, requiring a minimum period of 15.2s in VP and 26.7s in VS to resolve.
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5.6. Discussion: Interpreting seismic observations of the
transition zone
As transition zone thickness is argued to be the most robust measurement that can be
made for transition zone discontinuities (Deuss, 2009) most seismic literature on the
transition zone beneath hotspots focuses on the differential travel times between pre-
cursors or reflections from the 410 and 660 discontinuities. Typically, receiver function
and precursor studies of the transition zone structure beneath hotspots find that the
transition zone is thinned by 18-25km- e.g Western Samoa, Ascension, The Kenyan
Rift, The Canary Islands (Das Sharma et al., 2010), the Galapagos (Hooft et al., 2003),
Hawaii (Li et al., 2000; Schmerr and Garnero, 2006), Iceland (Shen et al., 1998) and So-
ciety (Niu et al., 2002). While my calculations suggest that transition zone thinning of
20kmmay be produced by a plume with TPOT=(1300 + 250) ±C or a hotter plume with
TPOT=(1300 + 450) ±C, a cooler temperature anomaly of<250K is consistent withman-
tle temperature estimates from petrology (Herzberg et al., 2007) and from transition
zone seismic anomalies (Shen et al., 1998; Niu et al., 2002). Additionally, depression of
7 to 28km of the ’410’ discontinuity and elevation of 20 to 25km on the ’660’ discon-
tinuity -as observed by Houser et al. (2008) and Schmerr and Garnero (2006)- would
also be compatible with a thermal anomaly of less than +250K.
However, when interpreting transition zone thicknesses beneath hotspots it is im-
portant to consider carefully the combined effects of both temperature and composi-
tion on both the ’410’ and ’660’ discontinuities. Although the effect of a harzburgitic
mantle component on transition zone thickness is minor (and will bias interpreta-
tions of temperature by <50K), the effect of an iron rich mantle component may be
more substantial- for example, should a hotspot be underlain by an IRC thermochem-
ical plume with dT=+250K then the transition zone may be thinned by only 2km, or
thickened by up to 15km, due to the competition between thermal and compositional
effects on ’410’ discontinuity.
Temperature and compositional effects may however be separated by examination
of the individual discontinuity depths and the dominance of thermal effects on ’660’
depth suggests that this observation alone could be used as an accurate proxy forman-
tle temperatures.
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For example, Deuss (2007) used SS precursors to study the depths of both the 410
and 660 discontinuities as well as the transition zone thickness beneath 49 hotspots.
Of these 49, robust precursors are obtained beneath 26 hotspots, of which 2/3rds (in-
cluding Baja, Bowie, Juan de Fuca, Kerguelen, MacDonald, Pitcairn, Samoa and Tahiti
) are identified as having thinned transition zones, approximately half of which also
show a depressed ’410’ (see table 5.2). Hotspots with both a depressed ’410’ and ele-
vated ’660’ from this list, show around 0-25km of transition zone thinning, compati-
ble with excess temperatures of asmuch as 250K. However, ’660’ topography from this
same group of hotspots is between 0.5 and 6km, which may be produced by thermal
anomalies of 120K or less.
Other hotspots from the same study display transition zones which are either com-
parable to the average (e.g Azores, Fernando, Hawaii, Reunion) or wider (e.g Cape
Verde, San Felix, Yellowstone). While the effect of the change in Cl660 at high tem-
peratures is considered and the Easter hotspot, with shallow 410 (412.1km) and deep
660 (662.9km) is included in the group of hot mantle anomalies using this criteria, the
effect of composition is not included, whichmay lead to exclusion of potential plume-
hotspot candidates. For example, from the SS precursor observations the Hawaiian
hotspot is underlain by a shallow410 (405.2kmdepth) and shallow660 (650.9kmdepth),
which if interpreting in terms of temperature alone, would rule out Hawaii as a plume
related hotspot. However, within the range of published uncertainties, this is quite
compatible with an iron rich plume with dT of +255K (see Fig. 5.8). Similarly Ker-
guelen (410=404.9km, 660=632.9km), Crozet (410=404.0km, 660=638.2km) and Azores
(410=401.8km, 660=645.6km) may also be compatible with hotspots underlain by an
iron rich plume with moderate (dT < +255K) excess temperatures.
Absolute discontinuity depthsmayhowever prove to be a problematic formof plume
detection as they strongly depend on corrections to PP or SS times for upper man-
tle structure (Helffrich, 2000). Additional complication may arise from complexities
in structure at ’410 ’or ’660’, as for Iceland, Jan Mayen, Lord Howe and Louisville in
the study of Deuss (2007), which make measurements of transition depth (and corre-
spondingly transition zone width) difficult.
A complex ’410’ -as is observed beneath the Lord Howe hotspot of Deuss (2007)-
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Name TZ(km) 410 (km) 660 (km) TZ
Global Average 242.5 410.1 652.6 N/A
Plume Average 237.2 411.0 648.2 N/A
Azores 243.7 401.8(E) 645.6(E) thick
Baja* 235.6 419.0(D) 654.7(D) thin
Bermuda 241.0 413.0(D) 654.0(D) thin
Bowie* 237.1 414.7(D) 651.8(E) thin
Canary 228.2 405.2(E) 633.4 (E) thin
Cape Verde 255.0 389.7(E) 644.7(E) thick
Comores* 240.2 411.0(D) 651.2(E) thin
Crozet 234.2 404.0(E) 638.2 (E) thin
Darfur 224.2 401.2 (E) 625.4(E) thin
Discovery* 219.8 429.0(D) 648.8 (E) thin
Easter* 250.8 412.1(D) 662.9 (D) thin
Fernando 243.4 410.9(D) 654.3 (D) thick
Hawaii 245.7 405.2(E) 650.9 (E) thick
Juan de Fuca* 232.5 415.6(D) 648.1(E) thin
Kerguelen 228.0 404.9(E) 632.9(E) thin
MacDonald* 235.6 412.5(D) 648.1(E) thin
New England 228.0 416.3(D) 644.3(E) thin
Pitcairn* 231.9 420.1(D) 652(E) thin
Raton* 236.9 419.1(D) 656(D) thin
Reunion 248.0 408.6(E) 656.6(D) thin
Samoa* 232.5 414.4(D) 646.9(E) thin
San Felix 254.5 405.7(E) 660.2(E) thick
Tahiti* 242.2 414.0(D) 656.2(D) thin
Vema 212.9 429.0 (D) 641.9(E) thin
Yellowstone 253.9 408.3(E) 662.2(D) thick
Table 5.2.: Observations of transition zone width, 410 depth and 660 depth beneath hotspots
taken from the study of Deuss (2007). Locations labelled with * have a deeper 410 discontinuity
and have average or thinned transition zones. For both 410 and 660 depths, hotspots marked
(E) show elevated transitions and hotspots marked (D) showed depressed transitions, relative to
the global average. Data is not shown for hotspots which display either a double 660 (Iceland,
Jan Mayen and Louisville) or double 410 (Lord Howe).
may only be produced if the hotspot is underlain by iron rich material and double
velocity jumps associated with the complex phase transitions in the IRC composi-
tion around 410km remain present, even at hot temperatures (Fig. 5.2. Although the
shallow ’660’ depth (631.3km) beneath Lord Howe is outside of estimates of transition
depth for an iron rich plume from experimental uncertainties (Fig. 5.8) but it is possi-
ble that it is underlain by an iron rich thermochemical anomaly that is constrained to
the upper mantle. Other potential sources of complexity at 410km are the inclusion of
melt or water (Chambers et al., 2005).
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A double ’660’ arrival in precursor data, as observed beneath Balleny, Iceland, Jan
Mayen and Louisville in Deuss (2007), is compatible with a number of different ther-
mochemical structures- from a cold mechanical mixture of MORB and harzburgite to
a hot iron rich mantle (see 5.4.4)- and therefore ’660’ complexity is problematic in us-
age as amethod of distinguishing between thermal and thermochemical anomalies. It
is also interesting to note that most regional seismic studies of the transition zone be-
neath hotspots view a distinct ’660’ arrival. This is in part because the typical periods
of hotspot precursor studies are large enough to resolve even the wide ’660’ transition
for an IRC rich plume, but it also suggests that impedance contrasts beneath hotspots
must also be large enough to generate receiver function or precursor arrivals which
are easily distinguishable from background noise. However, without more quantita-
tive work on the likely effect of impedance contrast on arrival amplitudes it is difficult
to determine what the threshold of impedance contrast is for visibility of the ’660’ ar-
rival. Should shorter period data be available for hotspot locations then it may be pos-
sible to distinguish between thermal and thermochemical anomalies as harzburgitic
plumes display a sharp ’660’ and pyrolitic plumes may have an ’invisible’ 660 . How-
ever, to quantify such effects also requires further work to forward model synthetic
seismograms for thermal and thermochemical anomalies at a wide variety of periods,
which is beyond the scope of this study.
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5.7. Conclusions
• If plume temperatures are less thanª 1700±C then the olivine towadsleyite ’410’
transition is depressed (by 17 to 28km), the wadsleyite to ringwoodite ’520’ tran-
sition is depressed (by 26 to 44km) and the ringwoodite to perovskite ’660’ tran-
sition elevated (by 8 to 19km). This has the net effect of thinning the transition
zone by 0.08 to 0.16km/K. For example, a plume with a potential temperature of
250K above a reference mantle potential temperature of 1300±C the transition
zone will be thinned by 20 to 40 km.
• For hotter plumes, the perovskite transition zone is dominated by the exother-
mic garnet to perovskite transition, leading to a broadened and depressed ’660’
discontinuity. The net effect of a depressed ’410’ and ’660’ is a decrease in the
trend of transition zone thinning with excess temperature to between 0.02 and
0.07km/K. This means that a plume with a potential temperature of (1300+800)
±C has the same transition zone thickness as one with a potential temperature
of (1300+250)±C. However, separate analysis of the’410’ and ’660’ topography
could resolve this ambiguity.
• Variations in major element chemistry may also have effects on the transition
zone thickness; iron content has an effect on the depth of the ’410’ and ’520’
discontinuities, and aluminium content may effect the depth of the garnet to
perovskite transition. The combination of thermal and compositional effects
means that a cool (<1700±C) harzburgite rich plume will have a thinner tran-
sition zone than for the purely thermal case (by 2-4km). A cool iron rich ther-
mochemical plume may either be up to 29km thinner or 10km thicker than a
pyrolite mantle with TPOT=1300±C within mineral physics uncertainties. This
would seem to indicate that, as suggested by Ritsema et al. (2009), a significant
amount of variations in transition zone thickness are attributable to lateral vari-
ations in temperature, and that transition zone thickness is a reasonable proxy
for mantle temperature.
• In addition to transition zone thickness, width of the individual transitions also
seems sensitive to temperature, for example, ±(Width)410/±T is between 0.02km/K
and 0.09km/K, ±(Width)520/±Tbetween 0.02km/Kand 0.03km/K, and±(Width)660/±T
between 0.0025km/K and 0.04km/K. However, this effect is poorly constrained
by experimental data. Sensitivity of the ’410’ and ’520’ transitions to iron con-
tent is better constrained and may be substantial for the wad-ring phase transi-
tion at high iron contents; for example, for our tested IRC composition, the ’520’
may be 20-40km wider than for a pyrolite.
• The ’410’ discontinuity is simple in character for all tested compositions, ex-
cept those with a very high iron content. In this case, as in our tested IRC com-
position, a complicated set of phase transitions incorporating both the ’410’
and ’520’ discontinuities may occur between approximately 350km and 490km
depth. In contrast, all tested thermochemical scenarios produce a complex ’660’
region with one or more sharp jumps in velocity, underlain by a velocity gradi-
ent. Additional complexity of both regionsmay be introduced by compositional
heterogeneity.
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6
The seismic signature of thermochemical
plumes onMars
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6.1. Summary
Throughout the previous three chapters I have presented the predicted seismic ob-
servables for mantle plumes on Earth. However, the mantle plume hypothesis is also
frequently invoked to explain anomalous volcanism on other terrestrial planets; for
example, Venus, Mercury and Mars. Over the last 20 years, interest in determining
the interior structure and composition of Mars has increased and a number of efforts
have been made to set up a network of seismometers on the planet’s surface. Despite
numerous setbacks in establishing such a network, seismology still remains the most
powerful tool for imaging the interior of a planet and potentially imaging a Martian
plume.
In this chapter I show, using a similar approach to that outlined in the previous
chapters, the range in seismic velocity structures that might be produced by a Mar-
tian plume. I determine that despite the large uncertainties surrounding the internal
composition and temperature of Mars the range of tested bulk compositional models
and internal temperature profiles generally produce small variations in the predicted
seismic velocity anomaly structures. The largest differences in velocities are produced
by different bulk composition models which may predict ether one velocity disconti-
nuity (at around 800km depth) or two (at 350km and at 1150km). Such variations in
discontinuity structures mean that we should be able to distinguish the most appro-
priate average mantle composition given precursor arrival data. The expected large
lateral extent of a plume onMars (as suggested by Zhong, 2009 and Harder and Chris-
tensen, 1996) mean that it should be easier to resolve any associated discontinuity
topography and velocity anomaly than for plumes on Earth. However, should the ex-
cess temperature of plumes on Mars be low (e.g. <100K), then the magnitude of the
associated shear wave velocity anomaly may be small (<0.5%) and discontinuity to-
pography will be <5km, which may be difficult to resolve given the probable sparse
coverage of seismometers onMars.
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6.2. Motivation
Since the Viking 1 and 2 Orbiter and landers (1976) returned pictures of the Mar-
tian surface to Earth it has been recognised that there is a striking hemispheric di-
chotomy in the surface topographic features of Mars (Fig. 6.1)- the Northern hemi-
sphere is comprised of lightly covered plains, whereas the southern hemisphere is
densely cratered (Nimmo and Tanaka, 2005). The boundary between these two re-
gions forms a large irregular circle centred at latitude 50±N. Although the northern
lowlands are not as heavily cratered as the southern highlands, the similarity between
the size-frequency distribution of buried craters in the north and south are similar-
suggesting that both regions are contemporaneous in age and that resurfacing of only
1-2km took place in later planetary evolution (Frey et al., 2002). While the heavily
cratered southern hemisphere is most likely a remnant of a post-accretionary surface
of the planet, the younger northern plains are likely volcanic in origin (Solomon et al.,
2005).
T
Figure 6.1.:Map of Mars’ global topography. The Tharsis volcanic plateau and its volcanoes are
marked by a T. (Retrieved from http: // www. solarviews. com/ cap/ mgs/ mgstopo7. htm,
CourtesyGSFC/ NASA )
Although there are a large number of small volcanoes on the surface of Mars, the
surface topography is dominated by twomajor volcanic centres (distinguishedby their
size and by their long history of activity): Tharsis and Elysium. Tharsis is a region some
3000kmwide and up to 10kmhigh and is comprised of three immense volcanic shields
(Arsia, Pavonis and Ascraeus Montes) (Schubert et al., 2001). Each shield is formed of
basaltic flows and are similar to the intraplate shield volcanoes of the Hawaiian island
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chain on Earth. Most volcanic activity in the Tharis region is dated to the Noarchian
and Hesperian periods (1.8Gyr to 4.6Gyr ago) (Dohm and Tanaka, 1999) but there is
also evidence for activity as recently as 40 to 100Myr ago (Neukum et al., 2004).
However, despite the large variety of tectonic forms on the surface of Mars, unlike
for Earth, there is no evidence for the system of ridges and trenches that are antici-
pated should there be active plate tectonics on Mars at the present day. A different
mechanism is therefore required to produce the observed volcanic centres. Just as
hotspots on Earth are often suggested to have amantle plume origin, so too haveman-
tle plumes been invoked in order to explain observed ’intraplate’ Martian volcanism
(e.g. Mége andMasson 1996; Kiefer 2003; Zhong and Zuber 2001), although this theory
is not without its detractors, who instead prefer a mega-impact formation of Martian
crustal dichotomy (e.g. Marinova et al. 2008 and Andrews-Hanna et al. 2008)
As on Earth, internal heating is likely to be the dominant energy source for mantle
flow on Mars, but the Tharsis rise may be underlain by one, or a few, mantle plumes
which initiate at the core-mantle boundary (Kiefer, 2003; Zhong and Zuber, 2001; Ke
and Solomatov, 2006) or as a returnflow from top-downmantle convection (vanThienen
et al., 2006). However, to produce a single plume, or a small number of plumes, (as
would be required to produce the asymmetry in observed planetary volcanism) in nu-
mericalmodels is difficult (Schubert et al., 1990) and requires extramechanismswhich
inhibit the development of a larger number of narrow plumes (e.g. Harder and Chris-
tensen 1996; van Thienen et al. 2006); for example, the presence of an endothermic
phase transition, such as the ringwoodite to perovskite transition, close to the CMB
may trap the thermal boundary layer and allow only a single plume to penetrate up-
wards into the mantle (Weinstein, 1995). The presence of such a transition depends
on the assumed size of themartian core, and hence the depth of themantle, for exam-
ple, Bertka and Fei 1998 suggest that the transition may be anticipated if the core size
is less than 1550km.
As for addressing the debate surrounding plumes on Earth, seismic detection of a
plume onMars seems to be the best method of resolving some questions surrounding
the formation of Tharsis and Elysium. The implementation of a seismic network on
Mars has been amajor aim of planetary scientists for the past 20 years and a great deal
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of research has been carried out to refine the instrumentation required (e.g. MEMS
Seimometers for Mars at Imperial College London : http://www.imperial.ac.uk/
opticalandsemidev/microsystems/sensors/seismometer). However, to date, each
mission which was to include seismometers as part of its payload (e.g. Soviet Mars94,
the 1997 Netlander mission and the delayed 2011 ExoMars mission) has either failed
or been significantly delayed due to one of a number of problems (e.g. budgetary or
programmatic issues). In addition, the limited coverage of themantle which would be
provided by a small number of seismometers would place serious constraints on what
we will be able to determine about the mantle structure.
Nevertheless, should seismometers be placed on Mars, predicted seismic velocity
profiles for a number of different thermochemical scenarios would be useful in help-
ing to interpret the observed traveltime data in terms of temperature, composition
and interior structure. In the following chapter I use the same approach as that in
the preceding chapters to calculate seismic velocity profiles for a number of proposed
Martian bulk compositions and thermal profiles (as in Ferrat 2007), before comment-
ing on our likely ability to resolve the signature of thermal or thermochemical plumes
onMars.
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6.3. Martian thermochemical structure
As for Earth, to interpret variations in seismic velocity in the mantle in terms of tem-
perature and composition it is essential to know what the average thermochemical
structure of the mantle is expected to be. On Earth we have a wide variety of geo-
physical observations which give us constraints on the composition and temperature
of the mantle, but for Mars, internal structure is constrained only by the mass, size,
surface pressure surface temperature, rotation rate, magnetic and gravity fields and
tidal constraints, which are mostly obtained from orbital spacemissions. Information
regarding the size and state of the core, the existence of an inner core and the thermal
and compositional state of themantle are at present poorly resolved. As such there are
large uncertainties attached to calculating seismic velocities for the Martian interior.
6.3.1. Average thermal structure of Mars
The thermal state of the Martian core cannot be constrained from available geophys-
ical data and so, when predicting the interior temperature profile of Mars for a de-
fined bulk composition a number of assumptions must be made; for example, that
the core is either completely molten or solid and that there is no thermal boundary
layer at the core-mantle boundary (Bertka and Fei, 1997). This produces a range in
calculated thermal reference profiles. For example, cold and intermediate tempera-
ture aerotherms, such as profiles T1 and T2 in Fig. 6.2 have been calculated by Sohl
and Spohn (1997) by extrapolating the CMB temperature adiabatically to the surface
pressure, using a defined composition and crustal thickness, whereas a hotter temper-
ature profile is obtained by Bertka and Fei (1997), (profile T3 in Fig. 6.2) who assume
that the core is sulphur rich- as suggested by SNC data (Dreibus and Wanke, 1985)-
and that there is no thermal boundary layer at the base of the mantle. Nonetheless,
despite differences in produced upper mantle temperatures all studies predict a tem-
perature profile that increases rapidly until the base of the lithosphere (between 5.9
and 7.2GPa), after which temperature increases adiabatically. Temperatures at the
base of the lithosphere range between 1500K and 1700K and CMB temperatures be-
tween 1800 and 2000K.
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Figure 6.2.: End-member Martian aerotherms, taken from Sohl and Spohn (1997) and Bertka
and Fei (1998)
6.3.2. Composition of Mars
Much ofwhatwe know about the compositional state ofMars is inferred from two geo-
physical observations: the principal moment of inertia, C, (as determined by theMars
Pathfinder mission) and observations of the gravitational field of the planet. Com-
positional models of the interior of Mars that are consistent with these observations
are not consistent with a bulk C1 chondrite Fe/Si ratio (Sohl and Spohn, 1997) and so
most commonly, models are derived from the SNC group of meteorites. These display
anomalous petrology (relative to other meteorites) consistent with a Martian origin;
for example: young crystallisation ages, fractionated rare Earth element patterns and
gas inclusions with compositions similar to that of the Martian atmosphere (Dreibus
andWanke, 1985).
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I include in my analysis of predicted seismic velocities for Mars, four such compo-
sitional models, as included in Ferrat (2007) (Table 6.1), based on meteorite analysis
which produce a range in produced mineralogical structures.
Oxide (mol %)
SiO2 MgO Al2O3 FeO CaO Mg/Si
DW1 40.81 41.38 1.64 13.75 2.41 1.01
BF2 39.83 42.13 1.65 14.04 2.35 1.06
LF3 41.91 40.90 1.57 13.30 2.32 0.98
MA4 38.31 40.91 3.47 12.16 5.13 1.07
San705 48.64 38.82 1.41 9.09 2.04 0.80
Table 6.1.: End-member Martian bulk compositions tested using the Sfo05 database, expressed
in mol %. Taken from 1. Dreibus and Wanke (1985), 2. Bertka and Fei (1997), 3. Lodders and
Fegley (1997), 4. Morgan and Anders (1979), 5. Sanloup et al. (1999)
As shownby Ferrat (2007),modelsDW,BF and LF are very similar in character: along
temperature profile T2 the uppermost mantle (above 13GPa) is dominated by olivine
( 48% of the overall mineralogy), with smaller quantities of orthopyroxene ( 30%),
garnet ( 10%) and clinopyroxene ( 12%) (Fig. 6.3). Olivine begins to be replaced by
ringwoodite at around 11.5GPa ( 750km depth) and has disappeared completely by
13GPa ( 900km depth). Below 900km depth themantle is predominantly comprised of
clinopyroxene and ringwoodite in approximately equal quantities. Small quantities of
garnet are gradually replaced by calcium perovskite by approximately 8GPa ( 1300km
depth). Model MA differs from these models slightly, as the upper mantle has less
orthopyroxene and therefore a higher proportion of garnet and olivine.
Model San70 however displays significant differences in mineralogy along temper-
ature profile T2 (Fig. 6.4). In the uppermost 9GPa ( 550km depth) the mantle is com-
prised mainly of orthopyroxene ( 78%) with smaller amounts of garnet ( 10%) and
clinopyroxene ( 12%). At 9GPa the orthopyroxene transfers to clino-enstatite (C2/c)
and the overall proportion of garnet increases. The nextmajor phase transition occurs
at 17GPa ( 1150km depth) where clino-enstatite is removed and garnet becomes the
dominant phase ( 70%) along with smaller amounts of akimotite ( 15%), ringwoodite
(<4%) and Ca-pv (< 1%).
For all compositional cases, the transition toMg-perovskite is absent along temper-
ature profile T2 as the assumed core-size (1667km) is too large and the lower mantle
temperature too low (Fig. 6.3 and 6.4). However, assuming the same thermal pro-
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file, regions with excess temperatures exceeding 300K may display this phase transi-
tion. Additionally, a thermal profile which assumes a smaller core size (approximately
1500kmor less, as in Bertka and Fei, 1997), and cooler lowermantle temperature (such
as profile T1) may also display this transition.
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Figure 6.3.: (a) The phase diagram for theMartian bulk chemistry model of Dreibus andWanke
(1985), and, (b) abundances of mineral phases along thermal profile T2.
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Figure 6.4.: (a) The phase diagram for the Martian bulk chemistry model of Sanloup et al.
(1999), and, (b) abundances of mineral phases along thermal profile T2.
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6.4. Seismic velocities of plumes onMars
As in Ferrat (2007) I calculate elastic shear wave velocities for each composition with
the Sfo05 database along reference temperature profiles T1, T2 and T3 (Fig. 6.2) and
for a ’plume’ type temperature profile which is 600K hotter at the CMB than the refer-
ence profile (see Fig. 6.5)- as for the plumemodels presented in chapter 4.
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Figure 6.5.: Shear wave velocities along a reference temperature profile (T2), along a tempera-
ture profile where T(CMB) -TREF(CMB)= 600K, and the difference in velocity between these two
profiles (as a percentage of the reference temperature) for all tested Martian bulk compositions
As might be anticipated, the effects of differing bulk compositions of the Martian
mantle are clearly visible in the velocity profiles. Along the reference temperature pro-
file the compositional models DW, BF LF and MA display a single shear wave velocity
discontinuity of approximately 0.4km/s related to the olivine to ringwoodite transi-
tion, which takes place over approximately a 20km depth region between approxi-
mately 750km depth and 770km depth. At ’plume type’ temperatures this transition is
depressed by up to 60km, and narrowed by approximately 5km.
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Figure 6.6.: (a) Two reference temperature profiles (T1 and T2) and corresponding ’plume type’
temperature profiles, where Tplume(CMB) -TREF(CMB)= 600K (b) the corresponding shear wave
velocities along these profiles and (c) the difference in shear wave velocities between the two pro-
files. (d)The shear wave velocity derivative for a plume type anomaly and reference temperature
profile T2, with and without anelasticity. All velocities are calculated using the DW composition
as in table 6.1.
However, for the San70 composition, there are two sharp jumps (approximately
20km wide) in shear wave velocity at approximately 350km and 1150km depth, re-
lated to pyroxene based transitions from orthopyroxene to clino-enstatite and the ap-
pearance of akimotite (Ferrat, 2007). Along the hotter temperature profile these two
discontinuities are depressed by approximately 70km and 14km respectively. There is
a negligible effect of temperature on the thickness of the shallower discontinuity, but
the deeper akimotite based transition is thickened by approximately 5km along the
hotter profile.
Despite differences in the produced seismic velocity profiles, the sensitivity of each
composition to changes in temperature is similar and produced shear wave velocity
anomalies are almost identical in amplitude and with depth (around -2%) away from
phase transitions (Fig. 6.5). The effect of using a different reference temperature pro-
file is negligible away from phase transitions and (Fig. 6.6c) and unlike for Earth, the
effect of anelasticity is also small (¢VS <0.4%) as mantle temperatures are low (Fig.
6.6d).
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6.5. Discussion
The systematic differences in the discontinuities displayed in seismic velocity pro-
files calculated for the DW/BF/LF/MA bulk compositionmodels and the San70model
should allow us to determine the best fit compositional model of Mars from seismic
travel-time data. In the DW/BF/LF/MA case along thermal profile T2 we expect to
see a single precursor associated with the olivine to ringwoodite transition at around
750kmdepth. For this 20km thick transition, shearwave velocity datawith aminimum
period of 17s is required to resolve a precursor event (assuming that VS is 4.8km/s). In
the San70 case, the 20km thick discontinuity at 350km depth should produce a pre-
cursor event given a minimum shear wave period of 18s (assuming VS=4.5km/s), and
the 20km thick transition at 1150km should be visible given a minimum period of 16s
(assuming VS=5.0km/s).
Determining thermal variations in the Martian mantle using the depth and widths
of the expected discontinuities is a littlemore difficult. Althoughwewould expect seis-
mic precursors to be more visible in the presence of a thermal plume (as the width of
the transitions decreases), given the sparse coverage of the seismic network on Mars,
mapping the topography of phase transitions seems impractical. However, should a
single plume exist in the Martian mantle (as suggested by Zhong, 2009 and Harder
and Christensen, 1996) then its likely width would mean that it is in principle resolv-
able given the typical Fresnel zone sizes of seismic waves and careful placement of
seismometers on the surface (one on top of the Tharsis region and another in the op-
posite hemisphere). In the case of the San70 composition in particular, the large scale
depression of the 350km discontinuity should be resolvable.
Any analysis of the expected seismic anomaly signature of a plume on Mars is also
dependent on the chosen thermal anomaly. On Earth, plumes may arise from a ther-
mal boundary layer between the core and mantle which may have an excess temper-
ature as large as 1000K (see section 1.1), however, Martian plumes are not expected to
arise from such a boundary. Instead, plumesmay arise frommaterial trapped beneath
an endothermic boundary layer at the base of the mantle (such as the transition from
ringwoodite to perovskite). The piling up of cold downwelling material on top of this
transition may force a sudden avalanche of cold material, and hot material may rise
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up into the upper mantle as a counter-flux (e.g Tackley et al. 1993). However, such a
perovskite layer is expected only if the mantle is relatively cool, and the core relatively
small (<45% of the Martian radius)(Harder and Christensen, 1996).
In either case, the excess temperature of Martian plumes is expected to be smaller
than those on Earth as (1) there is no subduction of cold plates into the Martian man-
tle, and (2) heat flow from the core is likely to be smaller (Breuer et al., 1997). For ex-
ample, in the convection models of Solomon and Head (1990) and Breuer et al. (1998)
including the olivine to ringwoodite and ringwoodite to perovskite transitions in the
martianmantle produces plumeswith excess temperatures ofº 6.3% of the CMB tem-
perature (º130K) and focuses a number of weak plumes with dT<100K into a large
cluster. For plumes with smaller excess ¢TCMB, seismic anomalies will be much lower
than those shown in Fig. 6.5 and deflections of the discontinuities much smaller; for
example, for a plumewith¢TCMB=100K and the DW composition from table 6.1, then,
as the temperature sensitivity of seismic velocities is low at low temperatures, the
olivine to ringwoodite transition may only be deflected by < 5km, and dVS is <0.5%
throughout the mantle (away from phase transitions). However, estimates of excess
temperatures from the thickness of the elastic lithosphere beneath Tharsis, require
contemporaneous lateral temperature differences of at least 300K at 30-40km depth
in the late stages of the development of the rise (Solomon and Head, 1990)- compat-
ible with temperature excesses of tested Earth-like plume models in chapter 4, and
with profiles in Fig. 6.5- and so it is possible that hotter plumes may have existed on
Mars.
Finally, as for on Earth, it may be possible that there are thermochemical plumes on
Mars. Although it is generally agreed that Mars is, at present day, a single plate planet,
Connerney et al. (1999) presented vector magnetic field measurements above the sur-
face ofMars (from theMars Global Surveyor spacecraft) of crustal magnetisation rem-
iniscent of features associated with sea-floor spreading on Earth. Such features may
indicate that, consistent with suggestions by Sleep (1994), Mars may have had active
plate tectonics during its Noarchian period (3.6-4.6Gyr). It may be that some subduc-
tion may have occurred in Mars- introducing compositional heterogeneity into the
mantle- but it is unclear if a crust as thick as that on Mars (100km in places) could
subduct and drive plate recycling as the basalt-eclogite transition, which aids subduc-
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tion, does not occur until approximately 200km depth (Zuber, 2001). As for on Earth
dense thermochemical heterogeneity would be expected to modify plumemorpholo-
gies, seismic velocity structure and seismic discontinuities.
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6.6. Conclusions
• The average internal structure of Mars is relatively poorly constrained by geo-
physical data. This results in some variation in suggested thermal profiles- in
the uppermost mantle, above 7GPa, thermal profiles can vary by as much as
500K and in the mantle below 7GPa by up to 200K.
• The internal composition of Mars is most often inferred from the SNC group of
meteorites, however, differences inmeteorite analytical methods between stud-
ies results in a range of produced bulk chemistry models. Tests with five such
bulk composition models suggests that there are in effect, two end-member
mineralogical scenarios- onewhere theMartianuppermantle has a similar struc-
ture to that of Earth and is comprised mainly of olivine, and a second where the
upper mantle is dominated by othropyroxene and garnet.
• Despite the uncertainties surrounding the internal composition and tempera-
ture of Mars the range of tested bulk compositional models and internal tem-
perature profiles produce only small variations in the predicted seismic velocity
structures. For four of the five tested bulk composition models, seismic veloc-
ity profiles are characterised by a single sharp jump in velocity at the olivine to
wadsleyite transition around 750km depth. Velocities predicted for the com-
position of Sanloup et al. (1999) however, differ, and display two sharp jumps
in velocity at 350km where orthopyroxene transforms to clino-enstatite and at
1150kmwhere akimotite is introduced. In all compositional cases, the predicted
shear wave velocity anomaly structure for a plume type temperature anomaly is
almost identical in amplitude in regions away from phase transitions, and, for a
¢TCMB of 600K, is approximately -2.0% throughout the mantle.
• Variations in predicted seismic velocity structure between the two composi-
tional end-member scenarios (i.e. one velocity discontinuity vs. two discon-
tinuities) mean that we should be able to distinguish the most appropriate av-
erage mantle composition from this range given precursor data. However, the
minor differences in produced shear wave velocity profiles (< 0.1km/s) for dif-
ferent background temperature profiles means that it will be more difficult to
distinguish between temperature structures using travel-time data.
• Given a ’single plume’ scenario onMars (as suggested by Zhong 2009 andHarder
andChristensen 1996) then its largewidth shouldmake it easier to resolve its as-
sociated discontinuity topography and velocity anomaly than plumes on Earth.
However, should the excess temperature of plumes onMars be low (e.g. <100K),
then themagnitude of the associated shear wave velocity anomalymay be small
(<0.5%) and discontinuity topography <5km, which may be difficult to resolve
given the probable sparse coverage of seismometers onMars.
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Conclusions
In this thesis I have focused on the ability of thermal and/or thermochemical plumes
to reproduce global and regional seismic observations at hotspot locations on Earth
by examining the relationship between predicted seismic signatures associated with
plausible dynamic plume morphologies and global and/or regional seismic observa-
tions.
Such an analysis includes many uncertainties; the dynamic (T,X,P) structure and
morphology expected for anEarth-like plume, the background thermo-chemical struc-
ture of the mantle (which seismic anomalies are calculated relative to), the sensitivity
of seismic velocities to temperature and composition, the effect of heterogeneous seis-
mic resolution on tomographic images of plumes and the effect of temperature and
composition on the depth, width and complexity of the major olivine and pyroxene
mineral transitions. Tomakemeaningful interpretations (in terms of temperature and
composition) of seismic observables beneath hotspots it is therefore essential that at
least some of these be taken into account.
I began (chapter three) with an exploration of the physical meaning of the seismic
reference models (e.g. AK135 and PREM) which are commonly assumed to reflect the
average thermochemical structure of the mantle. Utilising a fully consistent forward
modelling approach with up-to-date mineral physics parameters and associated un-
certainties (chapter two) I compared the laterally averaged seismic velocities with the
seismic velocities corresponding to the average thermochemical structure of a set of
Earth-like dynamic models. This showed that averaged seismic structure closely re-
flects the average radial physical structure of the mantle except near phase bound-
aries and within thermal boundary layers. However, inversion of the 1D velocities for
thermochemical structure is not straightforward as there are a number of non-unique
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solutions.
Assuming therefore that the mantle is well mixed over convective time-scales and
that the average thermochemical structure of the mantle can be well represented by
adiabatic pyrolite, I then converted a number of plausible Earth-like dynamic plume
structures into synthetic plume structures (chapter four). The effect of seismic res-
olution in global tomographic models was included by convolution of the produced
seismic structures with a resolution filter for the global model S40RTS. Produced syn-
thetic structures are vertically coherent but are imaged at reduced amplitudes relative
to their corresponding ’input’ seismic anomalies. Analysis of the character of S40RTS
anomaly structure beneath a set of 40 hotspots indicates that at least half are under-
lain by low-shear wave velocity anomalies with widths and magnitudes compatible
with those expected for purely thermal plumes. Most of the hotspots with convinc-
ing lower mantle anomalies seem to root in or near the two LLSVPs, and almost all
are substantially more erratic or tilted in shape than the synthetic anomaly structures.
Time-dependent morphologies- modified by chemistry or phase buoyancy forces- or
interaction between plumes may therefore be required to reconcile imaged anomaly
geometries with those predicted by dynamic models.
The ambiguity in interpreting the structures observed in global tomographic mod-
els means that it is desirable that such models be combined with regional seismic ob-
servations - such as transition zone thickness and depths of the ’410’ and ’660’ discon-
tinuities. Forward calculations of the predicted transition zone seismic structure for
a number for thermal and thermochemical whole mantle plume scenarios (chapter
five) indicate that a significant amount of transition zone thickening/thinningmay be
attributed to lateral variations in temperature and that despite a change in the mag-
nitude of transition zone thinning with temperature, a number of hotspot locations
(e.g. Iceland. Bowie, Kerguelen and the Galapagos) are underlain by thinned transi-
tion zones which are compatible with low temperature (< 250K) plume -type thermal
anomalies. Variations in major element chemistry may also have effects on transition
zone thickness and complexity of the individual transitions and it may therefore be
possible to distinguish between variations in temperature and composition by sepa-
rate analysis of the ’410’ and ’660’ discontinuities. However, to quantify such effects
requires further work forwardmodelling synthetic seismograms for thermal and ther-
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mochemical anomalies for a range of periods.
The analysis presented for plumes on Earth might also be extended to other ter-
restrial planets, such as Mars (chapter six). Despite poor constraints on the internal
structure of Mars, the range of tested bulk compositions and internal temperature
profiles produces only small variations in the expected magnitude of predicted seis-
mic velocity structures for a purely thermal plume. Given a single-plume scenario for
Mars its large width should make it relatively easy to resolve its associated transition
zone signature, despite likely sparse coverage of seismometers on the surface. How-
ever, should excess temperatures be low (<+100K) the magnitude of the anomaly and
associated discontinuity topography may be too small for accurate resolution.
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Figure A.1.: Showing the phase diagram for a pyrolite (as given in Stixrude and Lithgow–
Bertelloni, 2005) (top) between 0 and 40GPa, and (bottom) between 24 and 130GPa, calculated
using Perple_X with the Stx07 database. Note that pressure and temperature scales are NOT the
same.
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Figure A.2.: Showing the phase diagram for a pyrolite (as in Xu et.al, 2008) between (top) 0 and
40GPa and (bottom) between 24 and 130GPa calculated using Perple_Xwith the Stx08 database.
Note that pressure and temperature scales are NOT the same.
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Figure A.3.: Anharmonic velocities and densities along a 1300±C adiabat using the sfo05
database for tested pyrolite compositions with endmember oxide contributions in the lower
mantle.
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Figure A.4.: Anharmonic velocities and densities along a 1300±C adiabat using the Stx08
database for tested pyrolite compositions with endmember oxide contributions in the lower
mantle.
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Figure A.5.: ±lnVP, ±lnVS , ±lnV¡ and ±lnΩ along a 1300±C adiabat between a reference pyro-
lite composition and tested endmember oxide compositions in the lower mantle with the Sfo05
database
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Figure A.6.: ±lnVP, ±lnVS , ±lnV¡ and ±lnΩ along a 1300±C adiabat between a reference pyro-
lite composition and tested endmember oxide compositions in the lower mantle with the Stx08
database
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Figure A.7.: Illustration of imaged seismic structure beneath the Austral, Balleny, Bowie, Car-
oline, Cobb, Cook, Easter and Foundation hotspots in global shear-wave model S40RTS. Slow
S-wave velocity anomalies are contoured every -0.2%. (P=Pacific hotspot, IA= Indo-Atlantic
hotspot)
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Figure A.8.: Illustration of imaged seismic structure beneath the Galapagos, Hawaii, Juan Fer-
nandez, Louisville,Marqueses, Pitcairn, PukkaPukka and Samoahotspots in global shear-wave
model S40RTS. Slow S-wave velocity anomalies are contoured every -0.2%. (P=Pacific hotspot,
IA= Indo-Atlantic hotspot)
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Figure A.9.: Illustration of imaged seismic structure beneath the Society, Tasmantid, Yellow-
stone, Afar, Ascension, Amsterdam, Azores and Bouvet hotspots in global shear-wave model
S40RTS. Slow S-wave velocity anomalies are contoured every -0.2%.(P=Pacific hotspot, IA= Indo-
Atlantic hotspot)
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Figure A.10.: Illustration of imaged seismic structure beneath the Cameroon, Canaries, Cape
Verde, Comores, Crozet, East Africa, Fernando and Iceland hotspots in global shear-wave model
S40RTS. Slow S-wave velocity anomalies are contoured every -0.2%. (P=Pacific hotspot, IA=
Indo-Atlantic hotspot)
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Figure A.11.: Illustration of imaged seismic structure beneath the Jan Mayen, Kerguelen,
Madeira, New England, Reunion, St Helena, Trinidade and Tristan hotspots in global shear-
wave model S40RTS. Slow S-wave velocity anomalies are contoured every -0.2%.(P=Pacific
hotspot, IA= Indo-Atlantic hotspot)
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Study Type Typical Period Wavelength Transition width Transition width
visibility in VP visibility in VS
P’P’ 1s (short) 410: 9km 410:2.25km N/A
660: 10km 660: 2.5km N/A
PP 1s (short) 410: 9km 410:2.25km N/A
660: 10km 660: 2.5km N/A
8-75s (long) 410: 72-692km 410:18-173km N/A
660: 80-770km 660: 20-192.5km N/A
SS 15-75s (long) 410: 67-360km N/A 410:17-90km
660: 74-400km N/A 660: 18.5-100km
Table A.1.: Typical periods (Day, 2010, personal communication) and corresponding wave-
lengths of commonly used precursor data. The transition width visibility is assumed to be 1/4
of the sampling wavelength of each precursor type. Note that VP(410)= 9km/s, VS(410)=4.7km/s,
VP(660)=10km/s, VS(660)=5.7km/s.
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